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Formulation and Evaluation of an Analytical Model
for Composite Box-Beams

Edward C. Smith Inderjit Chopra
Minta Martin Fellow Professor

Center for Rotorcraft Education and Research
Department of Aerospace Engineering
University of Maryland
College Park, Maryland

Abstract

A direct analytical beam formulation Is developed for predicting the effective elastic stiffnesses and
corresponding load deformation behavior of tailored composite box-beams. Deformation of the beam is
described by extension, bending, torsion, transverse shearing, ard torsion-related out-of-plane warping.
Evaluation and validation of the analysis is conducted by correlation with both experimental results and
detailed finite element solutions. The analysis is evaluated for thin-walled composite beams with no elastic
coupling designs with varying degrees of extension-torsion and bending-shear couplings, and designs with
bending-torsion and extension-shear coupling. The analysis performed well over a wide range of test cases,
generally predicting beam deformations within 10% of detailed finite element solutions. The importance of
three non-classical structural phenomenon is systematically investigated for coupled composite beams.
Torslon-related out-of-plane warping can substantially influence torsion and coupled torsion deformations;
twist of a symmetric layup box-beam under a tip bending load can increase up to 200% due to warping.
Couplings associated with transverse shear deformations can significantly alter the elastic response of
tailored composite box-beams; effective bending stiffness of highly coupled anti-symmetric layup beams can
be reduced more than 30%. Two-dimensional in-plane elastic behavior of the plies is also very important
to the accuracy of composite box-beam analysis; load deflection results for anti-symmetric layup beams can
be altered by 30-100% by not accounting for this elastic behavior.

NOTE: This abstract is being substituted for the paper by R. Barrett. It will be presented Tuesday; March
13, 1990 from 4:00-4:30 p.m. by Edward C. Smith.
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DURHAM, NORTH CAROLINA 27706

OFFICE OF THE DEAN TELEPHONE (919) 684-2214

March 12, 1990

Dear Colleague:

Welcome to the Army Research Office/Duke University School of
Engineering Workshop on Dynamics and Aeroelastic Stability Modeling
of Rotorcraft Systems. We are delighted to have you join the other
distinguished workshop participants and hope that you will find
your time at Duke both enjoyable and productive.

The School of Engineering occupies a unique position at Duke
providing both a modern liberal arts eduction centered on science
and technology for our undergraduates and a professional program
for our graduate students. In addition to the standard fields of
civil, mechanical and electrical engineering, we also provide
programs in biochemical engineering, biomedical engineering,
environmental engineering and materials science. The quality of
our students is unsurpassed.

It is our pleasure to co-host your visit and we hope that you
will call on us for any help that you may require. We look forward
to your returning again to Duke University.

é/MM

Earl H. Dowell
Dean, School of Engineering
Duke University
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DUKE UNIVERSITY SCHOOL OF ENGINEERING
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WORKSHOP ON DYNAMICS AND AEROEIASTIC
STABILITY MODELING OF ROTORCRA¥T SYSTEMS

Y

PROGRAM SCHEDULE

. MONDAY, MARCH 12, 1990

SESSION CHAIRMAN: G. Anderson

R

8:30 - 8:45 WELCOME AND ANNOUNCEMENTS
E. Dowell, Duke

Y

8:45 - 9:45 SOME REFLECTIONS ON OPPORTUNITIES FOR ROTORCRAFT
DYNAMICS RESEARCH
R. Ormiston, Army, Ames Research Center

P

9:45 - 10:45 HELICOPTER DYNAMICS AND AEROELASTICITY: KEY IDEAS
AND INSIGHTS
P. Friedmann, UCLA

11:00

12:00 PANEL DISCUSSION ON FUTURE DIRECTIONS FOR
ROTORCRAFT RESEARCH
J. Yen, Bell, Panel Coordinator

12:30 - 2:00 LUNCH
THE ROLE OF HELICOPTERS IN EMERGENCY MEDICINE
J. Moylan, M.D., Trauma Unit Chief and Surgeon,
Duke
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2:00 == 5:00 PHYSICAL MODELING

2:00 - 2:30 PHYSICAL ASPECTS OF ROTOR BODY COUPLING
H. Curtiss, Jr., Princeton University
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Pk Sy

2:30 - 3:00 ANALYSIS OF SECTIONAL PROPERTIES OF CURVED,
TWISTED, NONHOMOGENVOUS, ANISOTROPIC BEAMS
D. Hodges, M. Borri, V. Berdichevsky, Georgia Tech

] F——

3:00 - 3:30 NONLINEAR ANALYSIS OF CURVED, TWISTED,
NONHOMOGENVOUS, ANISOTROPIC BEAMS
D. Hodges, A. Atilgan, Georgia Tech.
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. MONDAY, MARCH 12, 1990 cont.

INVESTIGATION OF THE USE OF EXTENSION - TWIST
COUPLING IN COMPOSITE ROTOR BLADES FOR APPLICATION
TO TILTROTOR AIRCRAFT

R. Lake, NASA Langley Research Center

COMBINED USE OF FINITE-STATE LIFT AND INFLOW
MODELS FOR ROTORCRAFT MODELING
D. Peters, W. Stumpf, C. He, Georgia Tech

SPACE/TIME -~ DOMAIN FINITE ELEMENTS TFOR
STRUCTURES, DYNAMICS, AND CONTROL
D. Hodges, D. Peters, M. Borri, Georgia Tech
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2:00 - 5:00
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SESSION CHAIRMAN: J. Wu

THE ROTORCRAFT CENTER OF EXCELLENCE AT MARYLAND
A. Gessow, Maryland

THE ROTORCRAFT CENTER OF EXCELLENCE AT RPI
R. Loewy, RPI

AEROELASTICITY AND STABILITY

DYNAMIC ANALYSIS OF UNCONVENTIONAL HIGH-SPEED
ROTORCRAFT
K. Sangha, McDonnell Douglas

ROTOR BLADE STABILITY VALIDATION UTILIZING A
COUPLED AEROROELASTIC ANALYSIS WITH REFINED
AERODYNAMIC MUDELING

M. Torok, Maryland

AEROELASTIC ANALYSIS OF ROTOR BLADES
V. Dhar, VPI & SU

AEROELASTIC STABILITY ANALYSIS 1IN MANEUVERING
FLIGHT
R. Celi, Maryland

AEROELASTIC STABILITY OF MULTIPLE LOAD PATH ROTOR
BLADES
V. Murthy, Syracuse

LUNCH
SESSION CHAIRMAN: R. Loewy

RESPONSE DYNAMICS AND CONTROL

COUPLED LONGITUDINAL, BENDING, AND TORSIONAL
VIBRATIONS OF A CRACKED, ROTATING, TIMOSHENKO
SHAFT

R. Plaut, K. Collins, J. Wauer, VPI & SU

NONLINEAR VIBRATICONS OF A CANTILEVER COMPOSITE
BEAM UNDER PLANAR HARMONIC BASE EXCITATION
A. Nayfeh and P.- J. F. Pai, VPI & SU
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EFFECTS OF ROTATING FRAME TURBULENCE (RFT) ON
HELICOPTER BODY RESPONSE
J. Prasad, Georgia Tech

DYNAMICS OF ROTOR BLADES IN CURVED STEADY FLIGHT
M. Crespo da Silva, RPI

INTELLIGENT ROTOR BLADE ACTUATION METHODOLOGY
R. Barrett, I. Chopra, Maryland

ACTIVE CONTROL OF HELICOPTER GROUND AND AIR
RESONANCE
G. Reichert, Braunschweig
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9:45 - 10:15
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11:45 - 12:15
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2:00 - 4:30
2:00 - 2:30
2:30 -~ 3:00

SESSION CHAIRMAN: R. Ormiston

THE ROTORCRAFT CENTER OF EXCELLENCE AT GEORGIA
TECH
D. Schrage, Georgia Tech

MATHEMATICS OF MODELING

FLAP-LAG~TORSIONAL DYNAMICS OF ROTOR BILADES BY A
DIRECT, "TRANSFER MATRIX" METHOD
M. Crespo da Silva, RPI

A DIRECT NUMERICAL EVALUATION OF FLOQUET
TRANSITION MATRICES FOR PERIODIC SYSTEMS
S.C. Sinha, Auburn

LYAPUNOV EXPONENTS FOR STOCHASTIC SYSTEMS WITH
APPLICATIONS TO HELICOPTER DYNAMICS
N. Sri Namachchivaya, Illinois

RECENT EFFORTS 1IN INTEGRATED AERODYNAMIC
LOAD/DYNAMIC OPTIMIZATION OF HELICOPTER ROTOR
BLADES

A. Chattopadhyay, NASA Langley Research Center

APPLICATION OF DYNOPT OPTIMIZATION PROGRAM FOR
TUNING FREQUENCIES OF HELICOPTER AIRTFRAME
STRUCTURES

T. Murthy, Lockheed

LUNCH

SESSION CHAIRMAN: D. Schrage
EXPERIMENTAL~THEORETICAL INVESTIGATIONS
AN EXPERIMENTAL AND ANALYTICAL INVESTIGATION OF
DYNAMIC STALL EFFECTS ON ISOLATED ROTOR FLAP-LAG
STABILITY
G. Gaonkar, Florida Atlantic
MEASUREMENTS AND PREDICTIONS CONCERNING ROTOR

STABILITY
I. Carfarelli, ONERA
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. WEDNESDAY, MARCH 14, 1990 cont.

EXPERIMENTAL INVESTIGATIONS OF HELICOPTER
STRUCTURAL DYNAMICS AND THE INTERACTION WITH
VIBRATION REDUCTION SYSTEMS

M. Degener, DLR Gottingen

EZXPERIMENTAL IDENTIFICATION OF HELICOPTER ROTOR
DYNAMICS USING KINEMATIC OBSERVERS
R. McKillip, Jr., Princeton

VALIDATION OF ROTOR VIBRATORY AIRLOADS AND
APPLICATIONS TO HELICOPTER RESPONSE
J. Yen, Bell



Some Reflections on Opportunities for
Rotorcraft Dynamics Research

Robert A, Ormiston
US Army Aeroflightdynamics Directorate

Abstract
for

ARO/Duke Workshop on Dynamics and Aeroelastic Stability
Modeling of Rotorcraft Systems, March 12-14, 1990

The establishment of the US Army Aviation Research and
Technology Activity, the ARO Rotorcraft Centers of Excellence
Program, the NASA Rotorcraft Program, and the expansion of
rotorcraft applications in the military and civil fields have all
contributed to tremendous expansion in rotorcraft basic research
over the last twenty years. In view of the challenging technical
complexity of rotorcraft, it is not surprising that many areas cf
research still need considerable attention. Neveriheless, some
topics inevitably receive substantial attention, while other
topics could benefit from more emphasis. The purpose orf this
presentation is to present observations gained from the
government research perspective with the hope of stimulating more
attention for selected topics and suggesting alternative methods
or approaches to achieving the end goals cf rotorcraft research.
The goals themselves warrant some discussion as well.

The presentation will include specific examples to address
these topics in the context of rotorcraft aeroelastic stebility,
rotor loads, experimental investigations and analysis validation,

and the role of comprehensive analysis in rotorcraft R&D.
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HELICOPTER ROTOR DYNAMICS AND AEROELASTICITY:
SOME KEY IDEAS AND INSIGHTS

Peretz P. Fricdmann*

Mechanical, Acrospace and Nuclear Engincering Department
University of California, Los Angcles, CA 90024, USA.

Abstract - The purpose of this paper is 10 provide a detailed discussion of four important current
topics in helicopter rotor dynamics and acroclasticity. These topics are: (1) the role of
geometric nonlincarities in rotary-wing acroclasticity; (2) structural modeling, free vibration and
acroclastic analysis of composite rotor blades; (3) modeling of coupled rotor/fuselage
aeromechanical problems and their active control; and (4) use of higher harmonic control (HHC)
for vibration reduction in helicopter rotors in forward flight. Hopefully this discussion will pro-
vide an improved fundamental understanding of the current state of the art. Thus future rescarch
can be focused on problems which remain 10 be solved instead of producing marginal improve-
ments on problems which are already understood.

NOTATION
2 = two dimensional lift curve slope
b = semi-chord
AB = first order system and control matrices
Coo, . = profile drag coefficient
€1y Gy, €5 = unit vector associated with the undeformed blade, Fig. 1.
es. €y, & =triad ¢,, ¢y, ¢, after deformation, Fig. 1
¢ = blade root offsct
i, j, k = unit vector in the direction x,y, and z respectively, Fig. 1
J =cost functional
K. Ky, K, = flap, lag and torsion springs
! = length of flexible portion of blade
Mg = nondimensional fusclage mass
R = blade radius
(S} = transformation matrix between deformed and undeformed triads of unit vectors, Eq. (1)
Sy =elements of matrix (S}
t =time
T =n x m HHC wransfer matrix
uv.W = components of the displacement of a point on the elastic axis of the blade, Fig. 1
W, = diagonal weighting matrix on vibrations
Wy = diagonal weighting matrix on control amplitudes
Weo = diagonal weighting on contro! ratc of change
XA = offsct between blade acrodynamic center (A.C) and clastic axis (E,A)
Xy = offset between blade center of mass (C.G) and elastic axis
X,y.Z = coordinates shown in Fig, 1
X,u = system state and control vectors
Z =n x | vector of vibration amplitudes
Zs =n x | vector of bascline vibrations
Bo = preconc angle
€ = basis for order of magnitude, associated with typical clastic blade slope
Oun =HHC control angle
46@) =0(31)-0(-1)
0 = total pitch angle
8 = collective pitch
8,,.0;_ = cyclic pitch componenis
158 = pitch of the kth blade
80s.0cs.0ss = amplitudes of HHC sinc input in collective, longutudinal, and lateral control degrees of freedom
B¢ 08¢cc.0sc = amplitudes of HHC cosinc input in collective, longitudinal, and lateral control d:grees of free-
dom
Mhchis = inflow ratio, and its cyclic components
I = advance ratio

* Professor and Chuinman
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) = rotation of cross section of blade around the elastic axis

v = azimuth angle of blade, y =N

Q = speed of rotation

OHif . = HHC frequency

1.1y W = inplane, torsional and flapwise nondimensional fundamental frequency
3 O = nondimensionalized, quantity, frequencics by Q, icngth by /
1 O =3/dy

1. INTRODUCTION ) i

Dunng the last two decades, since Locwy's [1] comprehensive review of rotary-wing dynamic and acroclastic
problems was published a vast body of published rescarch, on these topics has appeared in the literature. This substan
tial body of research has also been discussed 1n a considerable number of survey papers which have emphasized van-
ous aspects of the rotary-wing acroclastic stability and response problem together with the related vibration problems
and their control by active and passive means. For convenience these survey papers [1-13] are cited in chronological
order. Loewy's survey (1] was followed by a more restrictive survey by Dat [2] which discussed unsteady acro-
dynamic and vibration problems in forward flight. Hohenemser {3] discussed some acromechanical stability problems
as part of the broader ficld of flight mechanics. Friedmann (4,5) presented a detailed chronological discussion of
rotary-wing aeroclasticity emphasizing the role of geometrical nonhinearitics, due to moderate blade dcﬂccl‘lons.
unsteady acrodynamics and forward flight. A similar discussion which was restricted to the case of hover and hinge-
less and bearingless rotors was also provided by Ormiston [6). In addition to these papers which have cmphasized pn-
marily acroclastic stability, two other surveys {7,8) have dealt exclusively with the vibration problem and its active and
passive conwrol in rotorcraft.

More recently Johnson (9,10] has published a comprehensive review paper which described both the acroelastic
stability and rotorcraft vibration problems in the context of dynamics of advanced rotor systems. Friedmann {11)] has
described the main developments between 1983-87 emphasizing new methods for formulating aeroclastic problems,
reatment of the forward flight problem, coupled rotor/fusclage analyses, structural modeling and structural optimiza-
tion, and the usc of active controls for vibration reduction and stability augmentation. A more restrictive review
emphasizing some practical design aspects capable of alleviatng acromechanical problems was presented by Miao
(12] Finally it should be noted that a very comprehensive rescarch report (13) has been published recently which con-
tains a detailed review of research carricd out under Army/NASA sponsorship, between 1967 and 1987,

LECREULD Rt e

The purpose of this paper is not to present another review of the literature in this field. Instead the main objec-
uve here is to discuss four specific and important topics in rotor dynamucs and acroclasucity where the body of avail-
able research has reached a sufficient level of maturity for keys ideas to emerge. The emergence of these key concepts
provides good insight on the course of research which needs to be conducted on these topics in the future.

The four topics which will be discussed in this paper are briefly described below:

1 The role of geometric nonlinearities in rotary-wing aeroelasticity. Methods for the effective formulation of the
equations goveming the rotary-wing acroclastic problem are described and the importance of third and higher
order geometrically nonlinear terms is discussed.

Structural modeling, free vibration and aeroelastic analysis of composite rotor blades. Available structural and

structural dynamic models for composite rotor blades are discussed inctuding geometrically nonlinear terms

and general cross-sectional geometrics.

3 Modeling of coupled rotorifuselage aeromechanical problems and their active control. Various approaches for
formulating such equations in forward flight are discussed. Various control approaches for stabilizing air reso-
nance in hover and forward flight are considered. The active control of the flap-lag problem and coupled fiap-
lag-torsional problem are also briefly discussed.

4 Use of higher harmonic control for vibration reduction in helicopter rotors in forward flight. Available active
control techniques for vibration reduction in forward flight arc discussed. A new aeroelastic simulation capa-

bility for higher harmonic control is presented together with some important conclusions obtained from this
research.

"~
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It is expected that the discussion of the four topics described above will provide an improved understanding of
the state of the art. Thus future research can be focused on problems which remain to be solved.
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2. THE ROLE OF GEOMETRIC NONLINEARITIES IN ROTARY-WING AEROELASTICITY

During the last twenty years it has been firmly established that geometrical nonlinearitics, due to moderate
blade deflections, play an important role in the acroclastic stability analysis of hingeless and bearingless rotor blades
{4-6.9-11,13] The role of these terms for anticulated blades is slightly less important but still significant [1,2,12-13).

.. Asdescnbed in Refs. 5, 9 11, and 13 a number of beam theories accounting for moderate as well as large
defiections of blades have been developed and are available, These theorics can be divided 1nto two baste categones:
(a) those which arc based on ordenng schemes and are valid for moderate deflections, and (b) those which are valid for
large deflecuions, and are not based on ordering schemes. The moderate deflection theones have been developed pn-
manly between 1970-80 and the large deflection theories have been developed since 1980. It 1s therefore quite
relevant 10 try and determine the significance of higher order geometrical nonlinearitics, such as third order and gher
order nonlinear terms, on the acroclastic siability of hingeless and beanngless rotor blades in hover and forward fhight.

The source and structure of the geometrically nonlincar terms associated with moderate blade deflections, 1s
convenicntly illustrated by the transformation between the triad of unit vectors describing the deformed and unde-
formed state of a hingeless rotor blade, sec Figs. 1a and 1b, Such a transformation, based on the assumption of small
strains and finte rotations (slopes) has the following mathematical form (5)

—-2-
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where the elements of the ransformation matnia [S] determune the accuracy or order of the theory. Tor example for a
second order type theory S, 's are given by: @

S|| =|: Sl2 =V S|3=W,,l
Sy ==(viy+¢w,) S=1 Sp=¢
S3l =—(Woax ~@Viz )i 532 ==(Q+ VWi )i 833 =1

Transformations of this type combined with the Euler Bemoulli assumption have been used as the basis for
moderate defiection beam theories which are suitable for the acroclasuc stability and responsc analysis of 1sotropic
hingeless and bearingless rotor blades {5,11,13). -

When such transformations arc incorporated in the derivation of the inertia and acrodynamic operators associ-
ated with the rotary wing acroelastic problem many, relatively small, nonlinear terms emerge. Such terms clearly
represent considerable complication in the equations of motion from an algebraic point of view. The final equations of
motion can be obtained using two different approaches [11].

One approach is based on generating the equations of motion in explicit form. The explicit approach is fre-
quently combined with an ordering scheme [S] to “manage” the large number of terms associated with geometric non-
linearitics The purpose of the ordering scheme is to provide a rational basis for neglecting higher order terms in a con-
sistent manner A suitable example for an ordering scheme used in deriving the equations of motion for a hingeless
rotor blade in forward flight is given below. Orders of magnitude are assigned to the various parameters of the prob-

lem in terms of elastic blade stopes which are assumed to be moderate, i.c., slopes are of order €, with 0.10 £ ¢ £0.20,
and the assumption

0(1) + 0(e?) = 0(1) ©)
is used when deriving the equations.

For the coupled flap-lag-torsional problem in forward flight the orders of magnitude for the relevant quantitics
arc listed below:

Wiy =V 20=0() A=Ay =hie= = =000

L= =Pp=0@n n=00) 0=0),=0)=0c") )
§ =BT 0 e 0§ = m o m0)

It is important to note that ordering schemes arc not unique, a somewhat different combination of parameters
[14) can be also used as the basis of an ordering scheme for the same coupled flap-lag-torsional problem of a hingeless
rotor blade in forward flight. Furthermore ordering schemes are based on common sense and experience with practical
blade configuration thus their application requires both care and a certain degree of flexibility.

Ordering schemes are also convenient when using general purpose algebraic manipulators, such as MACSYMA
[15] to derive equations of motion in explicit form. Since algebraic tasks are relegated to a computer, it is furiy casy
to retain additional higher order terms. For example by changing the basic assumption in the ordering scheme to

0Q1) + 0(e*) = 0(1) ©

one can include the next group of higher order terms. For this case the various elements of the transformation matnx
Sy Eq (1), can be rewritien as (20)

1
S” = |—-2-(V,3 +W,3); SIZ =V, S” = W,
Sap ==(viy +dw,, + T{'V.xw.f)i Sp=1 —%V.e-()v.,w.:;

1
Sp=0- w36 Sy ==( = 9w =2 3w) ®

| 1
Sy =—(d+viw,y = 5“’-30): Sy = l-'z'W.E




L T N B I A M TR R NI EI Y PP TP ¥

For this casc explicit denvaton of the cquatons of motion 1s feasible only when using symbohc aigebraic
mampulation on a computer.

Such cxplicit derivations of the equation of moton have a number of advamages. First it cnables one 1o wnie
out the equations of mouon with considerable detal, Thus one can anspect the cquations and identify the coupling
terins ntroduced by retaining the geometrically nonlinear temus. Physical inte.pretation of such coupling tenns facili-
tates the understanding of equations. Furtlicnnore equations derived by vanous researchers can be compared with cach
other and differences between vanous formulations can be clanfied. Another advantage is associated with the compu-
tational efliciency inherent in such formulations. Numencal impiementation of blade stability and response calcula-
uons based on such equations are more efficient and computer storage requirements are reduced.  This represents an
adv antage in structural optinnzation studics of rotor blades with acroclastic consuamts { 16-18) which requare repetitive
evaluation of the objective functions and the constraints,

A sccond, and more recent, approach to generating rotary-wing cquations of motion is baseu on the implicit
approach [11] In this approach the cquations of motion are never cxplicitly written down and they are generated
numerically by the computer during the solution process. This approach is particularly effective when combined with
the finite element approach, for the spatial discretization of the equanion. This approach allows the treatment of com-
plicated configurations, provides considerable flexibility in the representation of the acrodynamuc loads [19), and does
not require the use of ordering schemes and the inherent approximations associated with such ordering schemes.

More recent studies use small strain and large rotation type of analyses {21-23] which utilize Rodrigues param-
eters 10 represent finite rotations. This approach when coupled with an implicit formulation completely ehminates the
need for using an ordering scheme. Furthermore it also removes the need to use the (orsional quasi-coordinate which
was present in a previous formulation [24] and created complexity in the finite element models based on this formula-
tion Use of Euler angles combined with an implicit formulation is equally effective for representing the large dis-
placement of both isotropic or composite beams [25). These models are more consistent and mathematically mor.
elegant than blade models based on ordering schemes. At the same time the incorporation of such models into a sen-
eral analysis is more complicated. Thus to date the only acroclastic analysis capability based on such general formula-
tion is the GRASP program {26).

Based on the discussion presented above one can now assess the importance of third and higher order terms in
rotordynamic models. For the case of aeroclastic stability of hingeless rotor blades in hover a recent study [27,28] has
investigated the influence of third order nonlinear terms, similar to those in Eq. (6) when compared to second order
nonlinear terms, similar to those in £q. (2). It was conciuded that for torsionally soft blades (wr; = 2.5) and high col-
lective pitch settings (6 > 0.20) the cfiect of these higher order tens on the stability boundaries was fairly small (less
than 10%) Thus the efiect of third order, and higher order nonlinear terms, on blade acroelastic stability appears to be
limited. The retention of higher order nonlincar terms can be uscful in the study of mathematical propertics of the
transformations which relate the position vectors of the deformed and undeformed states of a blade undergoing non-
linear deformation (29},

Another interesting question which can be asked is whether dynamic models of rotor blades which are based on
nonlinear beam kinematics with finite large rotations arc superior to previous moderate rotations theories, based on
ordering schemes? There is no unique answer to this intriguing question. When one uses criteria based on mathemati-
cal elegance, consistency and accuracy large deflection theories have a slight advantage because the structural and iner-
tia operators obtained when using these theories are slightly more accurate. However, it is essential to note that in
order to complete the formulation of aeroclastic problem the unsteady acrodynamic loads have to be combined with the
ineruia and the structural parts. Previous reviews of the unsteady aerodynamics used in acroclastic problems (2,5,9-
11,13] have clearly indicated that the acrodynamic theories used for this purpose are linear theories, except when one
auempts to model dynamic stall, or transonic effects. Therefore the combination of kinematical mode! which contains
third order nonlinear terms, with a linear incompressible acrodynamic theory such as Greenberg's theory [27,28] does
not produce necessarily a consistent acroclastic model. This point is well illustrated by a recent study by Hodges,
Kwon and Shankar [30) where it was shown that by combining three diriensional tip loss and unsteady inflow effects
with a conventional moderate deflection theory remarkable agreement between theoretical and experimental results
were obtained. In Fig. 2, taken from Ref. 30, the lead-lag damping of a stiff-in-planc hingeless rotor blade, with
configuration parameters chosen from the experimental model rotor with soft pitch flexure, zero precone and droop, is
shown for various collective pitch angles. Since both theoretical predictions have the same structural model, the
differences are due to acrodynamics. Clearly the results with the three dimensional unsteady acrodynamics, denoted as
panel method in Fig. 2, give much better agreement with the experimnental data than those based on two dimensional
quasi-steady acrodynamics, denoted 2-D theory. This example indicates that the key to substantial itnprovements in
the aeroclastic modeling capability of rotor blades is linked to improved unsteady acrodynamic models, and not to the
retention of third and higher order geometrically nonlinear terms,

. Another basic inconsistency in the formulation of beam models for moderate and large deflections is associated
with the fact that frequently excessive preoccupation with geometrically nonlinear terms leads to the neglect of simple
structural effects such as those associated with Timoshenko beams, namely shear and rotary inertia.

Using a finite element model capable of capturing Timoshenko beam cffects in an accurate manner [31} and
caleulating the influence of Timoshenko beam effects on the first three flapwise and first three n-plane of rotation fre-
quencies of graphite-cpoxy beam having the cross-sectional dimensions shown in Fig. 3, with a length of 15 feet and
rotating at = 400 RPM, yiclds the results presented in Table 1. It is evident that for this particular case the influence
of shear and rotary 1nertia on the lead-lag or in-planc of rotation modes, and tn particular the frequency of the second
and third mode can be significant. Thus incorporation of such effects could be of equal importance to third order
geometrical nonlincarities. Obviously the incorporation of true anisotropy, present in composite rotor blades 1s a much
more important topic, This topic is the subject matter of the next section,




3. STRUCTURAL MODELING, FREE VIBRATION AND AEROELASTIC ANALYSIS
OF COMPOSITE ROTOR BLADES

Most of the structural models developed to date have been restricied to 1sotropic mateiial properties. On the
other hand modem helicopter blades are frequently built of composites. To remedy this situation a substanuial share of
the recent studies 1n this field has been aumed at the development of models which are suitable for thz structural and
acroclastic analy sis of composite rotor blades. The unponant atinbutes of such 4 structural model, require the capabil
1y to represent transverse shear defonmation, cross-sectional warping and clastic coupling, in addition 16 an adequate
representation of geometric nonlincanties. Rotor blades are typically modeled a a beam. fu a bean theury, the defor-
muauons of the cross-section, both 1n and out of the plane, are assutied to be either small or neglected. Therefore, an
approach commonly used in the avaiiable structural models for composite rotor blade analysis 1s to deternune the cross
section warping functions, shear center location and cross sectional propertics based on a lincar theory. The lincar,
two dimensional analysis for the cross-section i1s decoupled from the nonlinear, one-dimensional global analysis fpr the
beam and can be done once for cach cross section of a non-uniform beam. This decoupling 15 usually assumed in the
luerature wathout rigorous proof. The discussion of composite rotor blade structural modeling can, therefore, be
divided 1nto two catcgories: (1) Modeling approaches which lead to the determmnation of the stifiness properues of
arbitrary blade cross sections. Anisotropic materials and the composite nature of the blade are taken into account 1n this
category. (2) Structural models which use an one-dimensional beam kinematics sustable for composiie rotor blade
analysis. A typical structural model in this category should include geometric nonlineantics, pretwist, transverse shear
deformation and cross section warping. Many of the existing composite rotor blade models in category (1) were
reviewed in detail in a recent review paper by Hodges (32). Our objective here 1s not to duplicate Hodges” review, but
to consider the subject from a slightly different perspective.

Mansfield and Sobcy {33) initiated the first pioncering study of this difficult subject. They developed the
stiffness propertics of a fiber composite tube subjected to coupled bending, torsion, and extension. Transverse shear
and warping of the cross section was not included in the model. This model is too pnmutive to be suitable for compo-
site rotor blade acroelastic analysis. However, the authors made some attempts to cxplore the potenual of this mode!
for the innovative idea of acroclastic tailoring,

Rehficld [34] used a similar approach but included out-of-planc warping and transverse shear deformation.
This was strictly a static theory for a single cell, thin walled, closed cross section composite, with arbitrary layup,
undergoing small displacements. This model was suitable for preliminary design, or frequency tailoring studies, as well
as linear free vibration analysis of nonrotating composite beams. Pretwist, dynamic cffects and geometric nonlinean-
ties which are known to play a major role in helicopter rotor dynamics are not accounted for, This relatively simple
theory was correlated by Nixon {35] with experimental data and by Hodges, Nixon and Rehfield [36) with a NAS-
TRAN finite element analysis of a beam model with a single closed cell. Womdle [37) developed a lincar, two-
dimensional finite clement model 1o calculate the cross section warping functions of a composite besm under
transverse and torsional shear. With these warping functions, the shear center locations and the stiffness properties of
the cross section could be calcutated. The cross section can have arbitrary shape but the material properties were res-
tricted to monoclinic.

A more general model for calculating the shear center and the stiffness properties of an arbitrarily shaped com-
posite cross section was developed by Kosmatka [38). He used a two-dimensional isoparametric eight node quadrila-
teral finite clement model to obtain the St. Venant solution of the cross-section warping functions of a tip loaded com-
posite cantilever beam with an arbitrary cross section. The beam was assumed to be prismatic (axially uniform),
nonhomogeneous, and anisotropic. The blade material was generaily orthotropic, i.c., orthotropic material whose
material principal axes arc oricnted arbitrarily. Therefore, the beam behaves in an amisotropic manner. Subscquently
this model was combined with a companion moderate deflection beam theory suitable for the structural dynamic
analysis of advanced prop-fan blades and helicopter rotors, which will be discussed later in this section.

Giavotto, et al. {39] also formulated a two-dimensional finite element model for determining cross section
warping functions, shear center location and stiffness properties. A special feature of this formulation is that the result-
ing equations have both extremity solutions and central solutions. The central solutions correspond to the warping dis-
placements duc to applied loads without considering end effects, while the extremity solutions correspond to the warp-
ing displacements due 10 end cffects. Subscquently this work was extended by Borri and Merlini [40) to include the
so-called geometric section stiffness associated with large displacement formulations. Bauchau (41) developed a beam
theory for anisotropic materials based on the assumption that the cross section of the beam does not deform in its own
plane The out-of-plane cross section warping was expressed in terms of the so-called cigenwarpings. This theory is
valid for thin-walled, closed, multi-celed beams with transversely isotropic material propertics. Subsequently it was
extended by Bauchau, Coffenberry and Rehfield {42] to allow for gencral orthotropic material properties.

All the studies described in this section up 1o this point employed a separate two-dimensional analysis to deter-
mine the cross sectional warping functions and stifiness propertics. For non-uniform beams, such a two-dimensional
analysis is carried out once for each cross section. A new appsoach developed by Lec and Kim {43} and Stemple and
Lee [44] uses a finite element formulation which can represent thin-walled beams with arbitrary cross sections, gencral
spanwise taper and planform distributions and allows arbitrary cross section warping. Thus was accomplished by dis-
tnbuting warping nodes over the cross section situated at the node of regular beam type fimie element. Thus the weat-
ment of the cross section warping is coupled with the treatment of the beam bending, torsion and extension. This for-
mulation considered only the out-of-plane warping and linear problems, or smalt defiection problems,

. Recently, Stemple and Lee [45] have exiended this formulation 1o allow for large deflection stauc and free
vibration analysis of rotating composite beams. The disadvantage of this approach is that the analysis 1s more expen-
sive than those whose cross scction analysis is decoupled from the nonlinear beam analysis, Furthermore the numencal

results obtained fron? this theory were not compared to other available theories, thus the validity of the theory sull
remains to be determined.
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The structural theones discussed so far emphasize the modeling approach associated with category (1), where
the emphasis 15 on determinung the shear center, warping and cross-sectional properties of the composite cross section
For caicgory (2) structural modeling, where the emphasis is one-dimensional bean kinematics sunllablc fqr lhc' analxsxs
of compositc rotor blades, two types of theories are available depending on the level of geometric nonlincarity being
retained in the onc-dunensional beam hinematics, The first type 1s based on a moderate deflection type of theory while
the second type 15 capable of modeling large deflecuons. Moderate deflection theones usually rely on an ordering
scheme to Lot the magnitude of blade displacements and rotanons, While large deflection theones do not utilize an
ordenng scheme to Linut the magnitude of blade displacements and rotations. For such theonies the only assumption
used 1o neglect higher order tenms is the assumption that the strains arc small.

In rotary wing acroclasucity moderate deflection theorics arc usually adequate provided that a consistent order-
ing scheme is used. The first acroelastic model for a composite rotor blade in hover was presented in a comprehensive
study by Hong and Chopra [46}. In this specialized model, the blade was treated as a single-cell, laminated box beam
composed of an arburary lay-up of composite plics. The strain-displacement relations for moderate defiecuons were
tahen from Hodges and Dowell [24), which does not include the effect of transverse shear deformations. Each lamina
of the laminatc was assumed 10 have orthotropic material propenties. The cquatons of motion were obtained using
Hamulton's pninciple. A finite element model was used to discretize the equations of motion. Numerical results for the
coupled flap-lag-torsional behavior of hingeless rotor blades clearly illustrated the strong coupling effects introduced
by the composite nature of the blade. These coupling terms which depend on fiber onentation have a strong influence
on blade siability boundaries in hover. Subsequently this analysis was extended to the modeling of composite bearing-
less rotor blades in hover {47) and a systematic study was carried out to identify the importance of the stiffness cou-
phng terms on blade stability with fiber orientation and for different configurations. In this model the composite
flexbeam of the bearingless rotor blade was represented by an I-section consisting of three laminates. Each laminate is
composed of an arbitrary lay-up of composite plics. The outboard main blade and the torque tube were assumed to be
made of isotropic materials.” Thus this model represents a somewhat idealized model for a composite bearingless rotor
blade ' In addition to acroclastic stability studics of composite rotor biades in hover, Panda and Chopra [48] alse stu-
died the aeroclastic stability and response of hingeless composite rotor blades in forward flight using the structural

model presented in Ref. 46. It was found that ply orientation is effective in reducing both blade response and hub
shears,

A more comprehensive analysis for the structural dynamic modeling of composite advanced prop-fan biades,
which with some modificauons, is also suitable for the general modeling of curved, pretwisted composite rotor blades
way developed by Kosmatka [38]. The cross section geometry of the blade is arbitrary, and the assoctated cross seetion
suffness properues and shear center location can be obtained from the accompanying linear two-dimensional finute ele-
ment model which has been discussed earlier in this section. In the one-dimensional, nonlinear analysis, the curved
pretwisted blade was modeled by a serics of straight beam clements which are aligned with the curved line of shear
centers of the blade. Each beam finite clement was derived using Hamilton's principle and the following basic
assumptions: the beam has an arbitrary amount of pretwist, undergoes moderate defiections, is composed of generally
orthotropic materials, has an arbitrary cross sectional shape, and rotates about a vector in space. Numerical results for
frequencies and mode shapes obtained from this structural dynamic model were in good agreement with modal tests on
conventional and advanced propellers [49,50]). Bauchau and Hong {51-53] have developed a series of large deflection
composite beam models which are intended for rotor blade structural dynamic and acroclastic analysis. The first of
these models (51] used a finite element approach combined with a general global coordinate system. While the mode)
was general it also proved itself to be computationally inefficient. A second version of this model [52) used a curvi-
lincar coordinate system and the resulting finite element model was found to be computationally more efficient than the
first one However some deficiencies associated with the derivation of the strain displacement relation were noted by
Hong in his disseration {54). After additional improvements in the model a final version of this theory which is capa-
ble of modeling naturally curved and twisted beams undergoing large displacements and rotadons and small strains
was developed. The kinematics of this theory is an extension of the common approach, using the definition of Green
strains, to ir.clude effects such as small initial curvature, transverse shear deformations and out-of-plane warpings. The
fundamental assumptions in the kinematics are the indeformability of the cross-section in its own plane and a revised
small strain assumption. In this revised small strain assumption, both axial and shearing strains are still neglected com-
pared 1o unity, however, no assumption is made about the relative magnitude between the axial and shearing strains.
Therefore, the second order shear strain coupling terms in the axial strain expression are retained under this revised
smal strain assumption. The commonly used small strain assumption, which include an additional assumption that the
axizl and shearing strains are of the same order of magnitude, was often successfully used in beam models with isotro-
pic or slightly anisotropic materials. However, Bauchau and Hong [53] showed that'it might not be adequate for beams
with highly anisotropic material by comparing the analytical and experimental results of a thin-walled keviar beam.
The strain-displacement relations were derived using an implicit formulation with seven unknown functions which
depend on the space coordinate, namely three displacement components, three rotation parameters (Euler angles were
used), and the amplitude of the torsional warping. The three rotation parameters, which are used to describe the large
rowtions from the undeformed to the deformed triad of unit vectors, are defined implicitly in the rotation matrix instead
of appearing cxplicitly in the strain-displacement relations. An extension of this model for free vibration analysis can
be found in Hong'’s dissentation [54). Using this model a number of cases testing the static large deflection capability
and the free vibration capability of the model were computed. However an acroclastic analysis of a rotor blade, based
on this model, is not available to date.

., Becemily Minguct and Dugundji {55,56] have deveioped a jarge defiection compositc blade mode! tor static
{55] and frec vibration [S6) analysis. Large deflections are accounted for by using the Euler angles to describe the
transformation between a global and local coordinate system after deformation. However, transverse shear deforma-

tion, and cross section warping were not incorporated in this model. Thus the model 1s more sustable for the study of
flat composite strips than actual rotor blades.
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Atilgan and Hodges {57} have recently presented a theory for nonhiomogenco s, anisotropic beams undergoing
large global rotation, small local rotation and small strain. They used a perturbation procedure o obtain a linear two-
dimensional cross section analysis which is decoupled from the nonlinear one-dimensional global analysis. The non.
linear beam kinematics was based on a study by Danielson and Hodges [58). The nonkincar beam kinematics, which
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defines a conjugate stress measure, descnbes a constitutive relationship and develops the momentum balance condi
tions, was based on Atluri [59]. The cross section warping, both near the ends (boundary layer SO]llllOHS)' and away
from the ends (St. Venant solutions) was obtained in terms of force and moment strans from a lincar two-dimensional
equation. The three force strains include axial and both transverse shear strauns at the reference line, the three moment
strains are torsion and curvature quantitics [58]. Since the strain components from the nonlincar beam Kinematics are
expressed 1n terms of force and moment strains, and cross section warpings, it 15 possible to obtain a one-dimensional
system of cquations in terms of force and moment strains only by substituting the soluuons for the cross scctional
warpings 1nto the strain expressions. However, the authors abandoned this provedure as being too tedious and unneces-
sary. Instcad, they chose to follow the same approach as Giavotto, ¢t al. [39]. which solves the cross scction warping
functions in terms of force and moment stress resultants, A geometric suffness matrix was also formulated in this
model. This matrix and the material suffness matrix were intended to be used in an incremental updated Lagrangian
formulation for large deflections. A general mixed variational principle was used in the formulation of the onc-
dimensional, geometrically nonlinear global analysis. No numerical results were presented in this paper. This study
draws rather heavily on the maienal presented in Refs. 39 and 59 and its pnncipal contnbution seems to be the deriva-
tion of a geometric stiffness matrix.

From this review of the literature on available structural models capable of represenung composite rotor blades
it is evident that this has been an active area of rescarch during the last five years. Yct it is remarkable to note that
despite the availability of such models the only published body of research which actually contains acroclastic stability
and response type of results is that published by Chopra and his associates [46-48). This is somewhat disappointing
since the potennial for acroclastic tailoring for composite rotor blades has been demonstrated [46). A typical result, Fig
4, taken from Ref. 48, shows that for a four bladed hingeless soft-in-planc composite rotor, where the composite single
cell box has symmetric laminates, the ply orientation angle, A%, for the vertical walls of the box has a very significant
cffect on the peak-to-peak value of nondimensional vertical hub shears. This quantity is sndicative of the vibration lev-
¢ls experienced at the hub. Itis interesting 10 note that both positive and neganve ply angles reduce the oscillatory hub
shear, however posiuve angles of 30° are more effective in reducing vibration levels. In view of the positive natre of
cuupling effects present in composite blades one would expect to see more studies of this type which take advantage of
the vibratory load reduction poteatial preseat in composite blades.

Instead of the excessive preoccupation with arbitrarily large defiection theories for composite beams it appears
to be more seasible to derive realisnc composite blade models, based on moderate deflecuion theories, and use them to
explore the potential for designing composite rotor blades which have low vibration levels and good acroclastic stabil-
ity margins. Based on the present state-of-the-art it appears that a moderate deflection type of beam theory combined
with a cross-sectional analysis of the compostte blade presented 10 Refs. 38 or 39 would be both suitable and adequate
for this purpose.

4. MODELING OF COUPLED ROTOR/FUSELAGE AEROMECHANICAL PROBLEMS
AND THEIR ACTIVE CONTROL

The acromechanical instability of a helicopter, on the ground or in flight, is caused by coupling between the
rotor and body degrees of freedom. this instability is commonly denoted air resonance when the helicopter is in flight
and ground resonance when the helicopter is on the ground. The physical phenomenon associated with this instability
1s quite complex. The rotor lead-lag regressing mode usually couples with the body pitch or roll to cause an instability.
The nature of the coupling which is both acrodynamic and inertial is introduced in the rotor by body or support motion.
The imponance of developing a mathematically consistent model capable of representing the coupled rotor/fusclage
dynamic system has already been discussed in previous reviews [5,6,9-11,13). With the use of algebraic symbohc
manipulative programs or implicit formulauons {26,60] sophisticated mathematical models for coupled rotor/fuselage
acromechanical problems can be formulated and solved.

The primary purpose of this section is to discuss a number of modeling aspects for this class of problems which
have been shown to be imponant by recent research. Subsequently rescarch on the use of active controls 1o stabilize
this class of acromechanical problems is also described.

. Many previous air resonance studies (6,9-11,13) were limited by simplifying assumptions such as hover, blades
which were assumed to be torsionally rigid or acrodynamic loads based on quasisteady assumptions. Recent studies
(61,62] have clarified the role of unsteady acrodynamics, forward flight and torsional flexibility on air resonance.
Funthermore the mathematical model derived for this coupled rotor fusclage system had also a provision for including
an active controller capable of suppressing air-resonance.

The mathematical model of the rotor/fuselage system of Ref. 61 and 62, and its salicnt features are described
next  The fuselage is represented as a rigid body with five degrees of freedom, where three of these are linear transla-
tions and two are angular positions of pitch and roll (Fig. 5). Yaw is ignored since its effect in the air resonance prob-
lem is known to be small.” A simple offset hinged spring restrained rigid blade model is used to represent a hingeless
rotor blade (Fig. 6). This assumption simplifics the equations of motion, while retaining the essential features of the air
resonance problem  In this model, the blade clasticity is concentrated at a single point called the hinge offsct point, and
torsional springs arc used to represent this flexibility. The dynamic behavior of the rotor blade is represented by three
degrees of frecdom for each blade. which are flap, ag, and torsion motions  The acrodynamic loads of the rotor blades
are based on quasi-steady Greenberg's theory, which 1s a two dimensional potential flow stnp theory. Compressibility
and dynamic stall effects are neglected, though they could be important at high advance rauos. Unsteady acrodynaniic
effects, which are created by the time dependent wake shed by the airfoil as it undergoes arbitrary tme dependent
motion, arc accounted for by using a dynamc inflow model. This simple model uses a third order sct of lincar
differential cquations driven by perturbations in the acrodynamic thrust, roll moment, and pitch moment at the rotor
hub The three states of these equations describe the behavior of perturbations 1n the induced inflow through the rotor
plane. The dynamic inflow model cocfficients used are thosc of Ref. 63,



The cquations of mouon of the coupled rotor/fusclage system are very large and contin geometrically non-
linear wenns due to moderate blade deflections in the acrodynamic, incrtial, and structural forces. Funthennore, the
coupled rotor/fusclage equations have additional complexity duc to the presence of the fuselage degrees of freedom.
Tu reduce the cquations to a manageable size, an ordering scheme is used in the derivaton of the equations of motion
to systematically remove the ligher order nonlinear terms. The ordenng scheme is based on Eq. (3)  For this class of
problems € represents the slopes of the deflections of the blades, wiich usually are of an order of magnitude which is
less thap .15, The blade degrees of freedom are assigned an order of €, while the fusclage degrees of freedom are of
order £'2, the various other parameters have the order of magnitude given in Lqs. (4). A symbolic mampulalion pro-
gram is then used 1o generate the nonlinear set of equations of the rotor/fuselage system using the ordering scheme.
Five fuselage equations result of which three enforce the fuselage translational equiibnum and lwo{cnfome (hc roll
and piich equibbrum  The hree resulting rotor blade cquations are associated wath flap, lag, and torsional motions of
cach blade. Also, the acrodynamic thrust anc roll tnoments at the hub center are determined for the perturbation acro-
dynamics in the dynamic inflow equation. All of these equations can be found in detail in Ref. G2.

An acuve control device to suppress the air resonance instability through a conventional swashplate is also
incorporated in this mathematical model. The pitch of the k-th rotor blade is given by the expression

O, = (0 +480) + (81 + A8 )cos(y, ) + (By5 + 40, )sin(yy) M

The various pitch tenmns with the symbol 4 are small and these represent the active control inputs, while those without
4 are the 1nputs necessary to trim the vehicle.

The stability of the system is determined through the lincarization of the equations of motior about a blade
¢quilibrium solution and the helicopter trim solution, The helicopter trim and equilibrium solution are extracted simul-
tancously using harmonic balance for a straight and level flight condition [61). After lincarization, a multi-blade coor-
dinate transformation is applied, which transforms the set of rotating blade degrees of freedom to a set of hub fixed
non-rotating coordinates. This transformation is introduced to take advantage of the favorable propenics of the non-
rolating coordinate representation. The original representation has periodic cocfficients with a fundamental frequency
of unity, however, the transformed system has coefficients with a higher fundamental frequency. These higher fre-
quency periodic terms have a reduced influence on the behavior of the system and can be 1gnored in some analyses at
low advance ratios [5). In hover, the original system has period cocfficients with a frequency of unity, but the
transformed system has constant cocfficients.

Once the transformation is carried out, the system is rewritien in first order form,
% = AQ)x + By)u @

The fundamental frequency of the coefficient matrices depends on the number of rotor blades. For an odd bladed sys-
tem the fundamental frequency is Ny, per revolution, while for an even bladed system the fundamental frequency is
Ny/2 per revolution. Stability can now be determined using either an eigenvalue analysis or Floquet theory for the
periodic problem in forward flight. An approximate stability analysis in forward flight is also possible by performing
an cigen-analysis on the constant cocfficient portion of the system matrices in Eq. (8).

The mathematical model was care! "'y tested by comparing results to other investigator’s analytical and experi-
mental results. The correlation with thes. results was good and verified that the effects of torsion, unsteady acro-
dynamucs, and forward flight were accurat 'y represented in the model [61,63).

This mathematical model was used to analyze the behavior of a four bladed hingeless helicopter somewhat
similar to the MBB 105 helicopter. The nominal configuration differs from the MBB 105 1n that 1t has an uastable air
resonance mode. The system has 37 states. The five body degrees of freedom and the twelve rotor degrees of freedom
(three degrees of freedom for each blade) produce 34 position and rate states. The dynamic inflow model augments the
system with three more states giving a total system order of 37. Thus even this relauvely simple model requires a con-
siderable number of states (or degrees of freedom). -

As mentioned before the lead lag regressing mode is the critical degree of freedom associated with air reso-
rr\arzjc therefore the essential features of this instability are described by damping plots for this panicular degree of
reedom.

Figure 7 illustrates the influence of unsteady acrodynamics as well as the effect of periodic coefficieats (or for-
ward flight) on the lead-lag regressing mode damping of the open loop configuration. The two sets of curves represent
air resonance damping of the configuration with quasi-steady aerodynamics and with dynamic inflow at various
advance ratios  Dynamic inflow captures primarily the low frequency unsteady acrodynamic effect which is important
for rotor/fuselage acromechanical problems such as air resonance. The stabilizing effect in forward flight, which is ev-
dent in the figure, is consistent with behavior obscrved in previous studies [5,11]. For hover, the system has constant
coefficients and thus the constant cocfficient approximation and the periodic system produce the same results, as is
clearly evident in the figure. It is also shown in the figure thatethe effect of periodic coefficients 1s relatively minor.
The quasisteady acrodynamic model produces a more stable system than the model which includes the unsteady acro-
dynamic effects as represented by the dynamic inflow model. It is also wonhwhile mentoning that considerable
differences between the two models exist particularly in low advance ratios.

. Figure 8 shows that neglecting the torsional degree of freedom on the nominal configuration increases the insta-
bility of the lead-lag regressing mode. The trend of the two curves also tends to diverge at high advance ratios. The
addition of torsion also tends to amplify the effect of the periodic terms. At high values of advance ratio, the flap-lag-
:orsxonlmodel shows a much greater difference between the constant and periodic stability analysis than docs the flap-
ag analysis.
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Coupled rotor fusclage analyses based on an amphcit formulation developed by Done et al. (60] have modeled
the effect of swashplaic flexibility and control system stiffucss on this class of problems. The Linuted number of
numencal results presented (60} do not convey a clear picture of the wflucnce of these additional parameters on the i
resonance problem.

Another recent study by Loewy and Zotto {64] studied the effect of rotor shaft flexibiliy and associated rotor
control coupling on the ground/wir resonance of hehicopters. This is of particular snterest for centain 1ypes of advanced
helicopters which have a relatively flemible shafi. The analysis was formulated vsing @ Lagrangian approach and the
cquations were derived using symbolic manipulation based on the MACSYMA package. The equations are based ini-
ually on large Euler angles however subsequently the equations were simplified using an ordenng scheme. The blades
were offset hinged spring restrained with flap and lag degrees of freedom for each blude, and a four bladed rotor wus
consdered  The model included a total of 12 degrees of freedom. Two cychic flap modes, two cychc lag nodes,
fuselage pitch and roll, fusclage center of mass translation 1n two dircctions, hub translation due to shaft flexibility in
two directions, and shaft bending slope 1 two direcuions. The blades were assumed (o be torsionally stiff. Only hover
was considered, the acrodynamic Joads were based on simple strip theory, and the periodic coefficicnts weres chim-
wnated using multiblade coordinates. Numerical results were obtaned for a configuration simular to the OH-58D hel-
icopter with a four bladed anticulated rotor. The effcct of shaft flexibility and associated couphing terms, together with
the influence of a mass simulating a mast mounted sight on air and ground resonance stability boundarics was studied
with considerable detail. It was found that flexibility/control coupling adds new modes of nstability for ground reso-
nance, however this was found to be a weak instability which was climinated by small amounts of structural damping.
Air resonance type of instabilities are more susceptible to shaft flexibility/control coupling effects and small amount of
structural damping fails to stabilize the coupled rotor/fuselage system. Thercefore for certain combinations of parame-
ters shaft/blade pitch coupling effiects have to be designed carefully to insure the stability of the air resonance mode

The air resonance stability of hingeless rotors in forward flight was also studied in Ref. 76. The body of
research available on coupled rotor/fuselage acromechanical problems has reached a remarhable level of maturity in a
fairly short period of time. It is also evident that reliable models for this class of problem should contain coupled flap-
lag-torsional blades models combined with a fuselage which has pitch and roll as well as two translational degrecs of
frecdom For certain configuration: coupling cffects introduced by swashplate fiexibility, shaft bending and pitch hink
flexibility should be also incorporated in the model so as to obtain reliable stability boundanes. The aerodynamic
representation which is most suitable for this class of problem is the dynamic inflow model [63]. Up to advance ratios
of pt = 0 40 the role of periodic cocfficients is fairly small, and usually the most unstable cases for ar resonance occur
for the case of hover  For soft-in plane hingeless helicopter configurations and articulated blade configurattons forward
flight usually introduces a stabilizing effect.

The derivation of coupled rotor/fusclage analyses or models has become fairly routine when using computer
algebra or implicit formulations. Therefore studies based on very simple models which contain fewer degrees of free-
dom than those retained in Refs. 61-62 and 64 will rarely serve a useful purpose, since the validity of such models is
questionable.

Improved understanding of acromechanical phenomena such as air and ground resonance has also raised the
possibility of climinating or suppressing such instabilities using active controls. One possible means of stabilizing or
augmenting stability of air resonance is through an active controller operating with a conventional swashplate. This
approach is feasible from a practical point of view only if it is simple to implement since it must compete against the
straightforward mechanical solution to this problem based on lag dampers. Such an active controller would need sens-
ing and actuating devices leading 10 an expensive system. However, with the incvitable introduction of other active
control devices such as higher harmonic control (HHC) for vibration suppression [65-67) this argument is considerable
weakened. Vibration control requires sensors and actuators with bandwidths well above the 1/rev frequency. Sincg the
air resonance instability results in an unstable lead-lag regressing mode (i.c., the mode associated with the [1 - @y}
frequency) these devices would also be sufficient for air resonance control. Thus, sensing and actuator hardware,
which may be already available, could be used for additional purposes below the frequency range intended for the
available vibration control objective.

Rescarch in the active control of air and ground resonance has been limited 10 a few studies [68-70], where
various theoretical active control studies were presented. The helicopter models used in these studies were quite lim-
ited since impontant effects such as torsional flexibility of the rotor blades, forward flight, and unsteady acrodynamics
were all neglected. Furthermore, the studies dealing with the active control of air resonance did not adequately demon-

strate the ability of the control schemes to operate through the wide range of operating condiions which can normally
be encountered.

A comprchensive siudy which demonstrated the feasibility of designing a simple acuve controtler capable of
suppressing air resonance throughout the flight envelope representative of a wide range of operanng conditions which
may be encountered by a helicopter, with hingeless blades, has been completed recently {61,62,71). The coupled
rotor/fusclage model representing this system was bricfly described at the beginning of this section. The equations of

motion describing this system arc represented by Eq. (8), and the pitch of the k-th blade, determined by the controlier 1s
expressed by Eq. (7).

The control studics undertaken consisted of two stages. In the first stage (61] the coupled rotor/fusclage system
was combined with lincar quadratic optimal control theory to design full state feedback controllers. These controllers
were then used to evaluate the importance of various modeling effects on the closed loop dampmg of the unstable air
resonance mode. It was found that periodic terms in the model seem to play only 2 small role at advance ratios less
than, §t =040 With this in mind and considering the cost of extracting periodic oplimal gains, 1t scems reasonable to
neglect the periodic terms in the initial stage of controller development. Knowing that the constant model is a reason-
able approxumation also allows the usc of many other control design techniques. The results also indicate that unsteady
acrodynamics and blade torsional flexibility scem to be important modeling effects that should be included in a con-
wroller design model. Significant crrors of between 25 and 50 percent in closed loop lead-lag damping could result
these effects are not included. The collective control input scems to have little influcnce 1n controlling air resonance at
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high advance ratios, so it was felt to be unnccessary for the complete control tash, Finally, partial state feedbach of the
body states does not seem to be a reasonable approach to controlling air resonance. Poor lead-lag damping results and
lead lag progressive mode excitation is a possible consequence. This parucular conclusion contradicts the behavior
observed for articulated rotors in Ref. 69.

Since full state feedback is not practical and the first stage of the research showed that partial state feedback is
not reliable, the second stage of this rescarch [62,71] was based on more advanced control system synthesis ichniques
1o design a suitable controller.

The controller -im:d at suppressing air resonance in the flight envelope of the helicopter is based on an optinal
state estimator in conjunction with opumal feedback gains {72). A constant cocflicient model 1s assumed since the
results obtained in the first stage indicated that a periodic model was unnecessary. The objective m tlus portion of the
study was to design a controller at an operating condition and require 1t 10 funcuion adequately 4t off design condiuions,
correspondiny 1o the entire flight envelop of the helicopter. Furthermore in all applications, the design model and the
actual plant o be controlled will have unavoidable differences duc to the linutations associated with formulating
models of physical systems. To overcome these difficultics, the multivariable frequency domain design methods of
Refs 73,74 and 75 were used. This allows interpretation of the design process using frequency domain concepts and
accounts for the possibility of high frequency modeling error. All this can be accomplished while retaining the struc-
ture of the state space approach. The technique, which is based on transfer function singular valucs, proved to be par-
ticularly effective in resolving problems that would not be obvious if only the covanance and weight matnces were
used in the design process. To select the design loop shapes, Loop Transfer Recovery was used, which can be inter-
preted as an optimization balancing system performance requirements and the requirement of stability in presence of
modeling errors.

The controller used a single roll rate measurcment and both the sinc and cosinc swashplate inputs, This
configuration is particularly simple since the measurement is taken from a non-rotating frame of (the fusclage) refer-
ence avoiding the nced to send signals across the rotor head. Using sine and cosine inputs is also simple and can be
accomplished through a conventional swashplate mechanism. A constant four mode design model consisting of the
body roll and pitch modes and the lead-lag regressing and progressing modes was found to be quite practical for con-
ol design The controller was shown to stabilize the system throughout a wide range of loading condstions and for-
ward flight speeds and it required small inputs of the order of three degrees or less.

Some typical results obtained in this study, for the same four bladed hingeless rotor configuration for which
results were presented in Figs. 7 and 8, are presented next. The open loop lead-lag regressing mode damping of the
helicopter configuration throughout its flight regime is presented in Fig. 9. The horizontal axis is the advance ratio,
while the venical axis is the fusclage mass Mg nondimensionalized by the blade mass of 52 kg. A nondimensional
fusetage mass of 32 plus four blades corresponds to the nominal total mass of 1872 kg. The figure indicates that the
system experiences an air resonance instability throughout most of the flight regime. Marginal stability exists at an
advance ratio greater than pt = 0.35 and the point of decpest instability is at Mg = 30 and in the vicinity of hover. Fig-
ure 10 shows the same system after the controller designed according to the methodology {71) discussed above, has
been applied on the helicopter. From the figure it is clear that the lead lag regressing mode is stable throughout the
whole flight regime, and its stability is lowest in the neighborhood of Mg =23 and n = 0.11.

The body of research described above indicates that during the last five years considerable progress has been
made in understanding the role of active controls as a potential means for stabilizing air and ground resonance. It
should be noted that air resonance is a relatively mild instability, while ground resonance is substantially stronger thus
the former is easier to control. It is interesting to note that partial state feedback of the body states does not seem to be
a reasonable approach to controlling air resonance in four bladed hingeless rotors {61]. This is probably due to the fact
that for hingeless rotors the coupling between the blade and fuselage degrees of freedom is much stronger. A relatively
simple controller using only a single body roll rate measurement and two swashplate control inputs (sinc and cosinc)
was shown to stabilize the air resonance throughout the whole flight envelope when using modem state of the art con-
ol system design techniques [62,71]. It is precisely this robustness of the modem contro! system synthesis techniques
employed which make them atractive when compared to more classical control techniques employed by Ham and his
associates in their research on the use of individual-blade-control for stability augmeniation [77).

Finally it should be noted that while the air resonance instability proved itself 1o be fairly casy to control, the
active control of more powerful instabilitics such as the fuselage induced flap-lag instability, and the coupled flap-lag-
torsional instability of stiff-in-plane hingeless rotor blades in forward flight, which was also studied in Ref, 62, proved
itsclf to be much more difficult to control.

5. THE USE OF HIGHER HARMONIC CONTROLS FOR VIBRATION REDUCTION
OF HELICOPTER ROTORS IN FORWARD FLIGHT
. ' use of high frequency blade pitch inputs, referred 10 as higher harmonic control (HHC), 1o reduce hel-
icopter vibrations has been investigated in a number of studics. Aircraft flight tests [67,78,79), wind tunnel tests (80-

83, and analyiical simulations {84-91] have shown that HHC is capablc of substantial reduction in helicopter vibiauon
levels encountered in forward flight,

Furthermore the literature in this ficld has been surveyed in 2 number of review anticles [92,11). Parucularly
noteworthy is Johason's review anticle (92}, which described the state of the an up 10 1982 and a recent paper by Shaw
et al [82] which provides an excellent perspecuve on this important topic. Currently it is well understood that HHC
produces vibration reduction by modifying the unsteady acrodynamic loads on the rotor blades.

_ lItis quite remarkable that a significant portion of the rescarch in this arca involved wind wnnel tesung (80-83)
and flight testing {67,78,79). While a2 number of analytical swdics werc carricd out {84-91] they were less comprehen.
sive than the tests  Previous analytical studies have generally relicd on simple analog [87) or frequency domain {87)
models of the helicopter response. Other studics {84-86,90,91] were based on using a fairly old acroclustic response
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wode, the G400 [93,94) for simulauon purposes. The model used 11 these siudies did not have a consistent representy
ton of the geometncal nonlincanties due to moderate defluct: ns  Other shortcomings of this simulation capacity were
the lack of ime domain acrodynamics needed for captuning high frequency unsteady acrodynanuc effects as well as a
step by step ume ntegration method which precluded the caluulation of direct stability wformaton 1 forward flight,
such as provided by Floquet theory.

Recently a coniprehensive acroclastic simulaung capability has been developed [95-97) and used 1o study o
number of fundamental issues in higher harmonic control. The prnncipal topics studied using this new acroclastic
sunulation capability are listed below:

1 Comparison of the cffectivencss of determinisuc and cautious contraliers based on local and global HIC
models in reducing vibratory hub shears,

2. Comparison of the response of HHC of roughly cquivalent atuculated and hingeless rotors.

3

Evaluation of changes in hub moments when hub shears arc mininuzed using HHC. Sinmlar calculations are
done when HHC is uscd to try to reduce both hub moments and hub shears simultancously. These studies are
done for both anticulated and hingeless blades,

4 Determination of the influence of HHC on the acroclastic stability margins of the blade 1n forward flight,

S Comparison of the relative additional power requirements expenenced when HEC 15 apphied to0 1wo sinular
rotor configurations, one with articulated and onc with hingeless blades.

A bricf description of the acroelastic simulation capability, the implementation of HHC and few impontant con-
clusions obtained in the course of these studies [95-97] are presented next.

The coupled flap-lag-torsional equations of motion which serve as the basis of this analysis arc similar to those
denved in Ref. 98. They contain geometrically nonlincar terms duc to moderate blade deflections as iltustrated 1n Fig,
1 These equations form the basis of an implicit flap-lag-torsional undergoing small strains and moderate deflecuons.
Thus the equations contain geometrically nonlincar terms in the structural, incrtia, and acrodynamic operutors associ-
ated with this acroclastic problem. The partial dependence in the equations is chinunated by using a Galerkin type
finite clement method [19]). A modal coordinate transformation, using six rotating coupled modes, is performad to
reduce the number of degrees of freedom. These modes are calculated at a fixed value of collective pitch which
depends only on advance ratio. For the configurations considered, the six lowest modes are usually the first three dap,
first two lead-lag, and the fundamental torsional modes. The ordinary differential equations are solved using quasil-
inearization in an iterative manner to obtain the periodic equilibr win position in forward fight, for a propulsive tm
type flight condition.

The inertia loads are determined by using D’ Alembert's principle. An implicit formulation for the acrodynamic
loads is used At each iteration an approximation to the blade response is produced. This response is then used 10 gen-
crate numerical values of the modeling quantitics needed in expressions for the acrodynamic loads to be used in the
next iteration. The equations are lincarized by writing perturbation equations about the nonlinear equilibrium position.
Stability is determined by using Flcquet theory.

The unsteady acrodynamics arc finite-state time-domain acrodynamics presented in Ref. 99 which are an
improved version of the theory deveioped by Dinyavari and Friedmann [100). Stall and compressibility cffects are
neglected The acroclastic model is combined with a new trim procedure [95,96] which provides fully coupled simul-
taneous solution to both the acroclastic response and the trim problem.

_The rotor dynamic model has provisions for inclusion of HHC pitch changes in the structural, inertial, and acro-
dynamic portions of the model to allow HHC 1o be input to the model as 4/rev. sinc and cosine components in each of
the collective, longitudinal, and lateral control degrees of freedom. The gencral HHC input may be expressed as:

Biant = [Bos sin @iy +Boc coswupy)’
+{6cs sin @y +Bcccos yywlcos ¥

+[Bss5in Wy +Bsccos Wy ylsiny &

where 8oc, 8gs, Ocs, Occ, Bss, and Bsc are independent of V. The hub shears to be minimized are calculated by
iniegrating the inertia and acrodynamic loads due to a given blade response over the blade, The loads due to the four
blades are then combined and the total loads are transformed to the non-rotating coordinate system. Fourier series
represerrations of these loads are then found and the 4/rev. components extracted. Alternately fo calculate blade root
loads the Fourier analysis is done in the rotating system at the blade root,

Operating the electro-hydraulic actuators needed to implement HHC will require power from the helicopter
powerplant. In addition, the helicopter rotor may require more or less power than at the baseline condition because of
the additional acrodynamic loads which are imposed on it by the HHC inputs. The total power used to operate the
rotor consists of the power needed to drive the rotor and the power needed (o input control pitch at the blade root,

.. The various contributions to the power required to actuate the blade were calculatad with a level of care and
detail [96,97) which was not available in previous studics.

_ The vast ‘majority of all HHC investigations to date have used linear optimal control solutiony based on a qua-
dratic cost functional. Thereforc this approach was also used in Refs. 95-97. Mimmum vanance control 1s based on

the minimization of a cost functional which is the expected value of weighted sum of the mean squarcs of the control
and vibration variables.
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Minimum vanance controtlers are obtained by minimization of the cost functional:

= E{ZT(i)W,_Z(i) +0T(1))Wo0(i) + A0T (1) W40 A0(i) 10

Typically Z, 0, and AQ consist of the sinc and cosine componeats of the Nfrev. vibrations and HHC inputs, The
weightings of each of these parameters may be changed 1o make 1t miore or less imponant than the other components.

The sunimum vanance controllers are obtained by taking the parual derivative of J with respect to 60) and set
ung this cqual to zero:

dJ
<_ -0
990(i)
The resulting set of cquations may be solved for the optimal HHC input *0(i).

(i

The form of the resulung algonthm will depend on whether the global or local system model 1s used and on
whether a deterministic or cautious controller is desired.

The global model of the helicopter response 1o HHC assumes lineanty over the entire range of control apphica
uon,

2+ 1) = Zg + TOG) (2

The vibration vector Z at siep i + 1 is equal 10 the bascline vibration Zg plus the product of the transfer matrix T and the
conurol vector 0 at step i. This implies that T, the transfer matrix relaung HHC inputs to vibration outputs, is indepen-
dent of 6(i). .

The local model of the helicopter response to HHC is a lincanization of the response about the response to the
current value of the controller vector:

Z3i+1) = Z(1)+ TO(O + 1) - 0(i)) )
or.
AZ(+ 1) =TAa0GE+1) a4

The vibration vector Z at step i + 1 is equal to the vibration vector at step i plus the product of the transfer matrix and
the difference in the control vector from step i to step i+ 1. This allows for variation of the transfer matnx T with input
8.

A deterministic and cautious minimum vanance controller can be programmed 1nto two algonthms, one for the
local and one for the global HHC model (90,92).

A few sclected results together with a summary of the most imponant conclusions obtained 1n the course of this
study [95,97] arc presented below.

An interesting test of the ability of the controllers to adapt to changing flight conditions was performed by
introducing a step change in advance ratio from p = 0.30 1o yt = 0.35. This was done by stanting with a converged
opumal solution and its response at jt = 0.30, changing the propulsive trim values to those for gt = 0.35, and procecding
with iterative control calculations and quasilineanzation solution, Results for a four-bladed soft-in-planc hingeless
rotor are shown in Figs. 11 and 12.

The iteration history of 4/rev. hub shears for the deterministic and cautious local control are shown in Fig. 11
and the iteration history for the global control are shown in Fig. 12. Application of HHC eliminated essentially all the
4/rev. hub shears within five iterations. With the local controller, the vertical shears rise slowly after the second itera-
tion indicating that the transfer matrix identification has not been ideal. For lack of space the control inputs are not
shown here. However examination of these inputs {95] reveals that when the step change in advance ratio was applied
10 the local controtler there were large oscillations in the calculated control inputs and the resultant hub shears. On the
other hand when a step change in p1 was applied to the global controller, the oscillatory behavior in the required control
input was reduced substantially and the controller moved fairly smoothly from an initial large increase in shears toward
a minimum. A comparison of the three shear components and their baseline values for the local and global controllers
is given in Fig. 13. Itis evident that the global controller has been more successful in reducing shears.

Another interesting result is associated with the instantancous contro! power as a function of azimuth which
was evaluated for both the hingeless rotor and a comparable anticulated rotor, at an advance ratio of ¢t = 0,30. Figures

14 and 15 show the variation 1n instantancous trim power, HHC power, and total control power respectively for the
articulated and hingeless blades.

For the Lingeless blade the HHC power contributes relatively much more to the tolal control power as can be
observed from the nature of these curves which tend to follow one another closely in Fig. 15, As 1s evident from com-
paring the vertical scales, the maximum power excursions are on the order of five times larger for the hingeless blade
than for the anticvlated blade and in addition are much sharper, The peaks arc biased ioward positive power values so
that the total control power over onc revolution is much higher for the hingeless than the aniculated blade.

The most important conclusions obtained from these studics were:
1 Overall blade response was compared for a baseline no HHC condition and the optimda} reduced vibrauon con-

dition Prncipal differences were in the torsional and flap response. Overall response magnitudes changed lit-
tie but large 4/rev. components were introduced to modify the airloads and cancel out vibrations.

=12~




(--

to

A global controtler was used in comparison of the effects ¢f HHC on roughly cquivalent articulated and hinge

less rotors  Shears were successfully reduced for both rotors by a HIIC algorithin which muninuzed just hub

shears. As shears were reduced there were large increases in hub momeats for the hingeles rotor but only
moderate increases for the anticulated rotor. Much larger HHC angles were tequured 10 reduce sheans for the
hingeless rotor,

3 Attempls to reduce both hub shears and moments were not very successful for cubier blade Wl the articu-
lated blade moments were already low and were only decreased shightly while shears incredased shgluly, Lor
the hingeless blade the large moments decreased greatly but only at the expense of poor shear reduvtion These
results indicate that vibraton reductions with HHC may be more difficult i hungeless rotor configurations tian
for aruculated configurations.

4 Apphication of HHC to the hingeless rotor lead 10 an increasc i required power of 1.44% wluic fur the artieu-

lated rotor this increase was only 0.18%. The required power increase for the langeless rotor was somes bt

mitigated by a 0.2% increase in rotor thrust.

Overall blade acroclastic stability margins were not significantly degraded by application of HHC fur enher the

articulated or hingeless blade.

N

It is interesting to note that two, somewhat similar studics, on the application of higher harmonic control 1o
hingeless rotor systems were also recently completed by Nguyen and Chopra (101,102). These studies were based on
an advanced HHC acroclastic simulation capability. The analysis utilities finite clement in both space and ume. A
nonlinear time domain unsteady acrodynamic model is used to obtain the air loads, and the rotor induced mflow is cal-
culated using a free wake model. ‘The vehicle trim is also obtained from a fully coupled trim/rotor acroclasuc analysis,
Thus this simulation capability has many common features with Refs. 95-97, except that the acrodynamic model is
more refined when compared 10 that used by Robinson and Friedmann {95-97). The higher harmonic controi algorithm
is also very similar to that employed in Refs. 95-97. This acroelastic simulation capability was validated by companing
1t with the wind tunnel tests conducted on a one-sixth dynamically scaled three-bladed aruculated rotor model tested by
Bocing Helicopter Co. [82) up to high advance ratios, p = 0.40, and fairly good correlanon with the expenimenval daty
was obtained.

The conclusions obtained from this study arc in agrcement with the majority of the conclusions noted 1n Refs,
95-97 Thus the performance of the global controller was superior to the local controller. When applying HHC on
hingeless rotors larger contro! angles were required than for articulated rotor and a substantial increase i the HHC
power requirements was also noted. Furthermore HHC effects on rotor performance were found to be small. Aa
interesting effect noted was the increase in stall arcas over the rotor disk, when the local HHC conwoller was at the
edge of the flight boundary.

Fairly extensive tests on a four bladed hingeless rotor, with a minimum variance controller were also descnbed
in detail in a recent paper by Lehmann and Kube [103). An adaptive local controller was found to perform quite weli
over the whole envelope tested. Considerable detail on the actual hardware, and digital control implementation of
HHC for the test configuration is presented in the paper. Effective vibration reduction for the hingeless rotor was
obnained with a gain adjustment (adaptation) algorithm. The power requirement for HHC during the test was not dis-
cussed in this study.

A very comprehensive wind tunnel test program on a three bladed articulated model rotor (CH-47D) was also
conducted by Shaw et al. [82]. It was found that HHC is highly effective on articulated three bladed rotors. Hamonic
hub load response to HHC was found to be lincar up to 3 degrees and it was insensitive to flight condinon. Funther-
more a fixed-parameter control law was found to be fully effective for vibration reduction. Figure 16, taken from Ref.
82, shows that closed loop HHC was extremely effective in suppressing vibratory hub forces. The fixed-gain con-
troller, when configured to regulate 3/rev vertical force and 2/rev and 4/rev inplane shears, suppressed all three of these
components simultancously by 90 percent in almost all of the trimmed and quasi-steady mancuvering test eavelope.

From the discussion presented in this section it is evident that comprehensive aeroelastic simulations of HHC
have a very useful role in this field. In addition to being much more cost effective than wind tunnel tests and flight
tests, they provide one with an ideal basis for planning such tests. Furthermore experience with flight tests [67) indi-
cates that scale model tests do not always correlate well with wind tunnel tests. Thus correlation between acroelastic

simulation programs of HHC which correlate well with wind tunnel tests provide one with a 100l suitable for simulat-
ing flight tests.

The evidence available from recent studies seems to imply that the practical implementation of HHC on hinge-
less rotor systems could be more difficult, and less effective, than similar implementation of HHC on anticulated rotors.
Control angles needed for HHC on hingeless rotors are significantly larger and power requirements could be also
between 2-5 times larger, Simultancous reduction of both hub shears and moments on hingeless rotors 15 also more
difficult, and rotating blade root loads can be also substantially larger. One possible explanation for these observauons
is the strong physical coupling between the bending and torsional degrees of freedom which cxists 1n most hingeless
rotor blades This can also causc the increase in the power required for implementing HHC on such rotors. Since the
higher harmonic movement of the complete blade during its HHC, introduces more complex motion due to the cou-
pling effect and thus requires more power.

Finally, it appears that adaptive controller may not be always required in order 1o 1mples.ent an effecave HHC
i * vibration reduction,

6. CONCLUDING REMARKS
This paper provides a detailed discussion of four important topics in helicopter rotor dynamucs and acroctast-
ciy  Hopefully this discussion will provide an improved fundamental understanding of the current staie of the an.
Thus future research on these topics can be focused on problems which remain to be solved instead of producing mar-
ginal improvements on problems which are alrcady well understood.
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For acroclastic and acromechamical stability problems wncorporation of geomctrically nonlinear tenns duc 10
moderate deflections has become fairly rowine. Both moderate deflection beam theories and large deflectuon theones
dre asailable, and both can serve as a basis for acroelastic stability and response analysis. It is noted that improvement
of the unsteady acrodynamics (n rotary wing acioclastic analyses is much more important than the mcorporation of
higher order geometncally nonlincar temms, Lxcessive preoccupation wath such hugher order tenms provides ouly
dinmishing benefits.

A number of recent composite beam theones, suitable for modeting composite blades have been developed
however these have yet to be implemented in a comprehensive acroelastic stability or response analyss. The
significant potential for acroclastic tailonng inherent 1n composite rotor blades remains 1o be exploited.

The body of rescarch available on coupled rotor/fuselage acromechanical problems has reached a remarkable
level of mawinty in a fairly short penod of time. Reliable models for thus class of problems should contain coupled
flap lag-torsional blade models combined with a fusclage which has pitch and roll as well as two translational degrees
of frcedom  Simpler models can easily lead to inaccurate results. Air resonance in hingeless rotors can be acuvely
controlled throughout the entire flight cnvelope using a simple contro! system designed using modern control sysiem
synthesis techniques.

The state of the art in applying HHC to anticulated rotors appears to be quite promising. The apphication of
HHC to hingeless ,otors could have practical implementation problem. Aeroclastic simulations of HHC have a very
useful role in providing an improved fundamental understanding on the implementation of HHC on different types of
rotor systems. A substantial amount of additional rescarch in this topic is required so as to guarantee its implementa-
tion on the next generation of rotorcraft.
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Table 1

Frequency Increase due to 2 | Frequency Decrease due to
Timoshenko Beam Effects

Inplane Modes Inplane Modes
Mode 1 | Mode2 | Mode3 | Mode ! | Mode2 | Mode 3
3.5% 2.6% 1.0% -1.6% 9.7% | -192%

Out of Plane Modes Out of Plane Modes
712% | 128% | 46% | -04% | 2.5% I -5.5%
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Figure 13: Geometry of the Blade Elasuc Axis Before and After Deformation.
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PHYSICAL ASPECTS OF KHOTOR-BODY CQUPLING

H. ¢. Curtiss, Jr.
Princeton University

The influence of various mondelling assumplions on the
dynamic stubility and response charucteristics of helicoplers
will be discussed using a linearized theory with body and rotor
degrees of freedom. Emphesis will be placed on physical
interpretation of the primary sources of rctor-body coupling and
their influencec on the response and stability characteristics.

Prediction of the time and frequoncy domain response

and the effect of various approximations on the cortrelation of

thecory with experiment described.

l charucteristic of heolicopters to control inputs will be discussed




Analysis of Sectional Properties of Curved,
Twisted, Nonhomogeneous, Anisotropic Beams

Marco Borri
Dipartimento di Ingegneria Aerospaziale
Politecnico di Milano
Milano, Italy

Dewey H. Hodges, Ali R. Atilgan, and Victor L. Berdichevsky
School of Aerospace Engineering
Georgia Institute of Technology
Atlanta, Georgia

The nonlinear theories of Borri and Mantegazza (1985) and Hodges (1989) express the strain fizld
in terms of so-called intrinsic strain measures which have the unique property that the derivatives
of the strain energy with respect to these measures are the actual section forces and moments in the
deformed beam basis. Therefore, the constitutive relations can be expressed ir. terms of material
and geometric stiffness constants for a cross section. An analysis of the sectional properties of
nonhomogeneous, anisotropic beams is presented which takes initial curvature and twist into
account. All possible types of couplings between extensional, shear, bending, and torsional
deformation are included. The analysis is an extension of the ear.ier work by Giavotto et al, (1983)
and leads to a two-dimensional finite element formulation over the section under consideration. The

method will be compared with other methods in the literature including the work of Soviet
mechanicians.




Nonlinear Analysis of Curved, Twisted,
Nonhomogeneous, Anisotropic Beams

Dewey H. Hodges and Ali R. Atilgan
School of Aerospace Engineering
Georgia Institute of Technology
Atlanta, Georgia

Tremendous progress has been made in the last few years toward simplifying the analysis of
beams which are undergoing large deformation. In previous years, analysts became accustomed to
writing beam equations explicitly in displacement form and to tedious ordering schemes which
could not be applied rigorously. For some applications the size and complexity of the equations
become overwhelming, leading to the use of symbolic manipulation just to derive the equations. In
what will be presented, the exact equations for a beam undergoing arbitrarily large deformation will
be written in only a few lines. liic eover, these equations lead to a finite element method which is
not only elegant, but very si.n"le io program. The analysis methodology leads to a natural
breakdown of the analysis into ti, ee parts: (1) exact intrinsic equations of equilibrium in weakest
possible form; (2) exact kinematical equations in weakest possible form; (3) approximate

corstitutive law in terms of sectional elastic constants. An overview of the process is shown below
in Figure 1.

Model cross
section in detail

2-D mesh
dctailing material
and geometry

Analyze sectional
deformation (linear)

section stifiness
constants, wurping
and stress/strain
distribution

Analyze global deformation
(linear or nonlincar)

deflections, strains,
stress resultants,
modes, frequencies

Figure 1: Overview of Anisotropic Beam Analysis
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Investigation of the Use of Extension-Twist Coupling in

Composite Rotor Blades for Application to Tiltrotor Aircraft

Renee C. Lake
U.S. Army Aerostructures Directorate
NASA Langley Research Center
Hampton VA 23665

Abstract

Tiltrotor aircraft are designed to operate in both
helicopter and airplane modes of flight. This operational
flexibility results in several conflicting design
requirements.  One such design requirement, which has
significant effects on aerodynamic performance, is blade
twist.  Typically, the twist employed is a compromise
between that required in the two different modes of flight.
Performance could be improved if it were possible to vary
the blade twist between the two flight modes. Tiltrotor
aircraft typically vary rotor speed by about 20 percent
between the two flight modes. This change in rotor speed
induces a rather substantial change in the centrifugal force
along the blade, which could be used to pascively change
the twist of an extension-twist-couple¢ ~omposite blade.
An in-house investigation was initiated .everal years ago
within the Army Aerostructures Directorate at NASA
Langley Research Center with the ovcrall objective of
demonstrating the increased aerodynamic performance
which can be realized in tiltrotor blades that have been
elastically-tailored to exhibit extension-twist structural
coupling.  Analytical and experimental studies have been
designed to demonstrate the improvements in tiltrotor
blade performance, and ultimately include whirl tests and
wind-tunnel tests conducted on a model-scale blade in
addition to advanced finite-element analyses. However, the
investigation of research areas which are fundamental to
the development of elastically-tailored composite tiltrotor
blades must first be addressed. For example, the feasibility
of producing the desired twist defcrmation within the
operational and material design limits for a tiltrotor blade
is a principal driver in the effective development and




evolution of extension-twist-coupled tiltrotor blades. In
addition, the structural dynamic characteristics of
extension-twist-coupled rotor blades must be assessed, as
the elastic couplings can have a significant influence on the
dynamic characteristics, such as frequency and mode shape.
Also, the bending and twisting deformations of the primary
load carrying members of a rotor blade are usually
accompanied by additional deformations associated with
cross-sectional warping. Therefore, the significance of such
warping effects for extension-twist-coupled rotor blades
must also be determined. While each of these research
areas serves to drive the overall design of a rotor blade and
is being addressed, this paper focuses on the investigation
of structural dynamic behavior of extension-twist-coupled
composite rotor blades.

A study was initiated in which dynamic results from
shell-finite-element models were correlated with
experimental results obtained from a vibration test of
extension-twist coupled composite tubular specimens. The
specimens all had non-circular cross sections and were
therefore subject to warping deformations. A potentially
significant effect on the dynamic behavior of the specimens
could occur because the presence of extension-twist
coupling in a laminate acts to "magnify" the warping effect.
Such "warping-prone" designs are more closely
representative of true rotor blade structures and therefore
require a thorough investigation of the dynamic
characteristics. Three thin-walled cross-sectional
geometries were studied: square, D-shape, and flattened
¢llipse (see figure 1), The test specimens were fabricated
utilizing an expandable rubber core and a segmented
aluminum female tool configured to the desired final
specimen geometry. The overall size and dimensions of
each specimen type are also indicated in figure 1. A free-
free boundary condition was simulated in the test by
suspending the specimens from a test support structure
with rubber tubing. A vibration survey was conducted on
each specimen to determine structural modes and
frequencies. A calibrated impact hammer provided the
input excitation for each specimen such that a "roving
hammer" concept was employed. Three single-axis
accelerometer transducers were block-mounted at an offset
on one end of the specimens in a tri-axial configuration.

2
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Data acquisition was performed using an HP-35658
computer system using HP-VISTA software. Subsequent
curvefitting and parameter extraction was facilitated with
the use of SDRC-Tdas software.  These results were
compared with those obtained from the MSC-NASTRAN
shell-finite-element analyses for each specimen type. In
addition to the global mode shapes of the shell structures,
numerous shell breathing modes were obtained. However,
these breathing modes are not of current interest in this
study and will not be addressed in the discussion of results.

The preliminary comparison of experimental and
analytical data has been conducted and is shown in figures
2 through 4. The data correlation for the elliptical
specimens (figure 2) showed the best overall agreement
with experiment, yielding results within 5% for the first
five global modes (first vertical bending, first lateral
bending, second vertical bending, second lateral bending,
first torsion), and within 13% for the sixth mode (third
vertical bending). The comparison of results for the D-
shape specimen (figure 3) produced agreement generally
within 6.5% for the five identified modes, with the third
global mode (second vertical bending) producing a "worst
case" agreement, dropping off to 14%. Frequency and mode
shape results for the square cross-section specimen (see
figure 4) showed agreement within 10% for the first four
global modes. In general, curvefitting of data was
performed in the 0-2000 Hz range, as frequencies above
this range generally showed diminished phase and
coherence characteristics.

In parallel with the aforementioned studies on the
tubular specimens, studies have also been initiated on an
extension-twist-coupled model rotor blade.  The model
blade, which was manufactured from existing blade molds
for an isotropic rotor blade, was designed with a view
towards establishing a preliminary "proof of concept" for
extension-twist-coupled rotor blades.  Whirl tests of the
model blade will provide the basic objective of measuring
blade twist as a function of rotor speed. This paper will,
however, focus on the investigation of the structural
dynamic characteristics of the model blade. The resultant
shell-finite-element model of the model rotor blade is
shown in figure 5. Results from a normal modes analysis of
the rotor blade shell-finite-element model have been
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compared with those obtained from a ground vibration test
conducted on a fabricated model blade, for both free-free
and cantilevered boundary conditions, and are shown in
figure 6. In general, the mode shape and frequency
correlation shows agreement within 10% for the first five
free-free modes.  Similar trends are observed for the
cantilevered blade, with all identified frequencies generally
within this 10% agreement range, with the exception of the
first torsion and fourth flap bending modes, which were
found to agree within approximately 13%. This comparison
of experimental and analytical results serves to establish a
foundation for accurately modeling and predicting the
structural dynamic behavior of extension-twist-coupled
rotor blades.
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COMBINED USED OF FINITE-STATE LIFT AND
INFLOW MODELS FOR ROTORCRAFT MODELING

by

David A. Peters
Walter Stumpf
Cheng-Jian He

School of Aerospace Engineering
Georgia Institute of Technology
Atlanta, Georgia 30332

Submitted to The Third Technical Workshop on
Dynamics and Aeroelastic Stability Modeling
of Rotorcraft Systems

Duke University

March 12-14, 1989

Abstract

In the aeroelastic modeling and analysis of rotorcraft, there are
several key steps that must be accomplished. First, the various equations
for the pieces of the model (i.e., the structure, 1ift, induced flow, and
control system) must be assembled into a set of equations that can be solved
by some solution strategy. Second, one must find the trim settings that will
result in a periodic solution at a given flight condition. Third, one must
perturb this flight condition to obtain perturbation equations. Fourth,
these perturbation equations must be solved in order to find frequencies,
modes, and stability boundaries; and then control systems can be designed.
As it turns out, the determination of trim and the development of
perturbation equations can be greatly expedited if the assembled rotorcraft
model can be written in terms of a finite number of state variables.
Unfortunately, most 1ift and inflow models do not lend themselves to state
representations and, thus, are difficult to use in aeroelasticity analysis
beyond simple time-marching.
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In this paper, we will review the ARO-sponsored work in which we are
attempting to model the entire rotor system with state-variable models. The
structure is modeled in terms of generalized Rayleigh-Ritz coordinates, the
1ift is modeled in terms of the modified ONERA dynamic-stall state variables
(circulations and moment coefficients), the wake is modeled in terms of a
finite-state induced flow model, and trim is found from a state-space
auto-pilot. This combination is also interesting from the point of view that
an unsteady wake model implicitly gives some unsteady aerodynamic effects
which must then be expunged from the 1ift model so as not to be counted
twice. In our case, this is quite simple to do because the ONERA model is
already segregated into the part due to linear, unsteady aerodynamics and the
part due to stall. Thus, we simply eliminate the linear state variables from
the 1ift model. Further, we treat the drag in a quasi-steady manner. This
leaves four aerodynamic states per aerodynamic control point.

Thus, for a typical computation, we would have 6 structural modes (3
flap, 2 lag, 1 torsion) which is 12 states, 5 aerodynamic modes which is 20
states, four harmonics of inflow which is 15 states, and three controllers
which is 6 states. Therefore, there are 53 total states for time-marching
and 47 states for stability (the trim controller 1is turned off for
perturbation dynamics). This is a reasonable number of states with which to
do meaningful Floquet theory and control system design. We are correlating

our results with the SA349 Gazelle measurements and will show some of these
at the workshop.




Space-/Time-Domain Finite Elements
for Structures, Dynamics, and Control

Dewey H. Hodges and David A. Peters
School of Aerospace Engineering
Georgia Institute of Technology
Atlanta, Georgia

and

Marco Borri
Dipartimento di Ingegneria Aerospaziale
Politecnico di Milano
Milano, Italy

A variety of applications for spatial and temporal finite elements is described. A weak Hamiltonian
formulation is first presented for the dynamics of rigid bodies. With this method, one can either
time march or solve periodic two-point-boundary-value problems. All boundary conditions are of
the “natural” type, and one can use the crudest possible shape functions and still achieve
remarkable accuracy. The method is extended to include formulation and solution of optimal
control problems in terms of states, co-states, and control variables. Results are presented for a
simple trajectory optimization problem. The method is further extended for determining the
nonlinear static response of beams in terms of displacement variables, generalized strain, and
section stress resultants. A separate two-dimensional finite element code leads to characterization of
the constitutive law in terms of 21 elastic constants for nonhomogeneous, anisotropic beams. For
the global deformation of a beam, the eniire formulation is so compact that it can be written in a
few lines — even for arbitrarily large displacement and rotation. Results are presented that show the
convergence properties of this mixed method. The formulation has also been developed for
nonlinear statics and dynamics of moving beams although no re.ui:. are yet available. Future work
includes space-time response of moving beams, deployment problems, and disturbance
propagation. Development of a similar approach for plate problems appears to be feasible. The
potential impact of this methodclogy on rotorcraft dynamics problems is also discussed.




The Rotorcraft Center of Excellence at Rensselaer

R. G. Loewy

The U. S. Army Research Office Center of Excellence at Rensselaer,
established in 1982 and supported under two five-year contracts, is in
its eighth year. This ARO-COE, known as the Rensselaer Rotorcraft
Technology Center (RRTC), continues under its originally defined
three-part concept: first, to provide advanced and comprehensive
educational programs which will attract some of the best and brightest
young minds to the study of rotorcraft technology and to up-date
professionals in the field, in programs specialized to continuing
education; second, to perform research which is at the cutting edge of
advances in knowledge and understanding of the phenomena pacing new
rotorcraft development and to transfer these advances expeditiously to U.
S. developers; and third, to develop new experimental and computational
resources in rotorcraft technology for the use and benefit of all
appropriate components of the U.S. rotorcraft community.

At this writing, seven faculty/staff and ten graduate students are
sponsored in their pursuit of the Center’s goals under ARO auspices.
Another eight faculty members and twelve graduate students are active, to
varying degrees, in the activities of the Center. Some of the latter
group are conducting research under industry contracts, others under
contracts or grants won from government agencies in addition to the
ARO-COE funding, and still others with Rensselaer sponsorship.

Areas of research concentration with ARO-COE support include innovative
composite structural design, analysis and fabrication; composite drive
shaft system design; non-linear structural dynamics and aeroelasticity -
particularly aimed at violent maneuvers; blade-vortex interaction
phenomena; rotor shaft flexibility influences on ground/air resonance
instabilities; and improving means of mode identification and
modification in fuselage ground shake tests. Similar areas of
concentration with other than ARO-COE funding include continuing
transonic wind tunnel tests of passive wave drag reduction mechanisms in
unsteady flow, developing advanced CAD/CAM-FEM linkages using expert
systems techniques, conducting shake tests and correlative analyses for
the natural modes and frequencies of full scale helicopter fuselage
components, completing development of a model rotor impedance testing
rig, establishing a major laboratory for symbollic computation, and
developing techniques for conductine ground/air resonance stability
flight testing using radio-controlled scale models.

Clearly, attempts to make the Center self-supporting, ie independent of
ARQ-COE continuation beyond July 1992, the end of the present contract,
are receiving determined attention. Judging the RRTC by such standard
measures as (a) the quality and numbers of graduate students who have and
are entering the program, (b) the number and ranking of positions
graduates of the program have and are to continuing to enter in the
rotorcraft community, and (c¢) publications in professional journals and
presentations at national and international meetings, we believe the
ARO-COE program can be pronounced a success of significant proportions.
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DYNAMIC ANALYSIS OF UNCONVENTIONAL HIGH-SPEED ROTORCRAFT!

K. B. Sangha and F. K. Straub
McDonnell Douglas Helicopter Company
Mesa, Arizona

ABSTRACT

Rotorcraft designs are evolving rapidly towards the high-speed end. These de-
signs challenge the conventional barriers of rotorcraft capability. The analytical
support and evaluation of these concepts poses new challenges to the dynamic ana-
lyst. A number of assumptions in traditional analysis are held inviolate, and analyst
must define new approaches in order to evaluate designs.

At McDonnell Douglas Helicopter Company, the high-speed rotorcraft challenge
is being addressed by the “TrailRotor Convertiplane (TRC)” Concept. The concept
calls for a high speed aircraft with hovering capability, The design considered
is a twin-rotor configuration (such as in a tiltrotor configuration) that meets the
hovering and low-speed forward flight requirement, and jet engines to provide the
high-speed forward flight requirements. In the transition from helicopter to cruise
conditions, the rotor pylons tilt aft through ninety (90) degrees, simultaneously
slowing RPM to near zero, and eventually stop and fold (about the flapping hinge).

The analytical problem at hand is to (i) examine the feasability of the concept,
(ii) examine the requiremenis of the rotor and fuselage designs, (iii) suggest designs
to promote the doability of the approach.

Existing analytical tools were used in performing the analyses presented in this
paper. The key issue to be examined is the feasability of the conversion from
helicopter mode to aircraft (or cruise) mode, and the loads generated during the
conversion. Linearized stability and gust response during conversion are additional
items to be examined.

The conversion requirements are steady forward flight conditions at 135 Kts,
1G load condition, and nominally 10 seconds for complete conversion. Attendant
requirements are small excursions in hub and ship pitching, rolling moments, sim-
plicity of conversion requirements from a design and pilot workload standpoint, and

minimal drag forces due to conversion. The term “conversion” includes the shaft
rotation through 90 degrees, as well as the RPM bleed from 100 percent to near

! Abstract submitted for the 3"¢ Technical Workshop on Dynamics and Aeroelastic Stability Modeling of Rotorcraft
Systems, March 12-14 1990, Duke University, Durham, North Carolina
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Figure 1: Quasi-steady RPM and Torqus Schedules During Conversion

zero. Several approaches to conversion are possible. Two specific approaches are
considered in this paper. The analysis was performed using the Comprehensive
Analytical Model for Rotorcraft Aerodynamics and Dynamics (CAMRAD/JA).

A quasi-steady equilibrium approach is taken in performing the analysis. By
employing the rotor in a windmill brake state, it is possible to simplify the require-
ments of the transmission system. In a windmill brake state, specific requirements
on the rotor torque can be defined during both RPM bleed as well as speed-up.
Given these requirements, it is possible to find trim angles that will control the

torque and RPM of the rotor. The assumptions made in performing the analysis
and the results obtained are out.ined in the paper.

Consider the RPM and the corresponding torque schedules versus shaft angle
shown in figure 1. The RPM schedule is assumed; and corresponding to it, is the
torque requirements that can be fairly easily derived. A trim analysis may now be
performed at each intermediate shaft angle, at the desired RPM, and the desired
torque requirement. The trim control angles so obtained determine the necessary
schedule in order to require the appropriate rotor torque and therefore result in an
RPM bleed. The effects of the shaft tilt dynamics are not included in the model. As
the rotor tilts back, in near auto-rotation, and a torque limit is specified (derived
from a desired RPM rate), there is a non-zero thrust generated by the rotor. In
response to this thrust, the blades respond through flapping. The flapping generated
must be minimal, in order to keep the rotor controllable and minimize blade and
hub loads. Since the rotor tilts aft, the thrust manifests itself as an apparent drag
force. Additional requirements on the conversion process are therefore to maintain
small thrust as well as small flapping. The net torque on the rotor can be controlled




[N A A

LA

3

20

—-a— COLLECTIVE A
0-1—-0——- cyclc

oy g e~
2 -
=X
w .2
2 =
2
oo ‘*\
S 40
© N

'60 L

0 20 40 60 80 100

SHAFT ANGLE (DEG)

Figure 2: Quasi-steady Control Requirements During Conversion

by prescribing the collective, while the flapping can be controlled by prescribing the
cyclic. Since the cyclic flapping is controlled to a small amount (2 degrees), the
hub moments are also small. For the RPM and torque schedules shown in figure
1, the required control angles are presented in figure 2. The drag force penalty is
presented in figure 3. The only parameters that can reduce the drag penalty are
twist, RPM and allowable power. A parametric variation of the effects of twist
variation is obvious from figure 3.

The quasi-steady trim conditions obtained at each of the intermediate shaft
angles may be used to perform a stability and linearized gust response analysis.
These, and other analyses performed to characterize possible approaches to conver-
sion, the limitations imposed on these analyses due to analytical assumptions and
requirements of future analytical tools are presented in the paper.
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Rotor Blade Stability Validation Utilizing A Coupled
Aeroelastic Analysis With Refined Aerodynamic Modeling!

Michael S. Torok? and Inderjit Chopra®

Center for Rotorcraft Education and Research
Department of Aerospace Engineering
University of Maryland
College Park, MD 20742 U.S.A.

1 OBJECTIVE

The effects of refined aerodynamic modeling on aeroelastic blade stability are inves-
tigated. An advanced non-linear acrodynamic model based on an indicial response method
is included into a comprehensive coupled rotorcraft analysis. The aerodynamic analysis ac-
curately predicts blade loadings in attached and separated flow, as well as dynamic stall.
Compressibility effects are implicitly included in the formulation. In addition, advanced wake
models, both prescribed and free wake analyses, are coupled into the trimmed, rotor response
and stability solution. The rotor analysis is formulated using a finite clement technique in
space and time. Rotor equations of motion and trim equilibrium equations are solved as one
coupled solution. Aeroelastic stability is determined utilizing Floquet theory for a linearized
system. Blade stability for the complete non-linear system is determined using a modified
Sparse Time Domain technique. The rotor analysis is validated in a correlation study with
Acrospaliale Gazelle flight test data. The refined aerodynamics significantly aflect the blade
loads, and at extreme flight conditions, small perturbations in the trim state, substantially
alter these loadings. Consequently, the refined aerodynamics play an important role in de-
termination of blade stability. The effects of flow separation, dynamic stall, compressibility
and refined wake models, as well as other key parameters, on rotor blade stability are deter-
mined. Results are validated in a correlation study with model hingeless rotor experimental
data.

2 INTRODUCTION

Determination of the acroelastic stability of a rotor in forward flight presents a chal-
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lenging problem to researchers. This problem is magnified when considering high speed flight
conditions near the extremes of a vehicles’ flight envelope. Under such conditions, the aero-
dynamic environment of the rotor is highly non-linear, exhibiting regions of dynamic stall,
flow separation and transonic conditions. At low speed, these non-linear eflects are reduced,
but the complexities of the wake structure also present challenges to the accurate prediction
of rotor blade stability.

Due to the complexities of this problem, many simplifications are made to make the
analysis more manageable. In recent work [1,2], simplifications include rigid blades, quasi-
steady aerodynamics, and uniform or Drees inflow models [3]. Unsteady effects are often
approximated with a dynamic inflow model [4]. This method is limited to low frequency
effects, and thus cannot predict detailed flow phenomena. Additional investigations are
cited in Reference [5]. These approximations yield satisfactory results under moderate flight
conditions. At more extreme {light conditions, however, non-linear aerodynamic effects sig-
nificantly affect blade loadings, and thus simpler models are no longer applicable. At low
speeds, the linear Drees inflow model breaks down, and more advanced wake models are
required. The present study utilizes a refined non-linear aerodynamic model, as well as pre-
scribed and free wake models, to predict rotor blade stability for several flight conditions.
The analysis is validated in a correlation with model hingeless rotor test data.

3 ROTOR ANALYSIS

3.1 AERODYNAMIC MODEL

In an eflor! to capture the complete range of flow characteristics, and still maintain
simplicity and efliciency, a recent aerodynamic model, developed by Beddoes and Leishman
[6,7] is adopted. This model accurately predicts attached and separated flow, as well as
dynamicstall. An important feature of the model is that compressibility effects are implicitly
included. The model requires only a few empirical factors, most of which are derived from
static airfoil data. The parameters derived from the unsteady data, however, are insensitive
to airfoil shape, and thus need not be recalculated for different arfoils. The model has
been extensively validated for a series of different airfoil sections over a wide range of flight
conditions. This model has been recently incorporated into a comprehensive rotor aeroelastic
analysis [8). This work carried out a parametric study to determine the significance of the
refined aerodynamics on the dynamic response of rotors in forward flight. Results showed
that at high-speed conditions, the non-linear acrodynamics, or separated and stalled flow,
dominate the outboard blade section forces, and significantly affect blade response and blade
root loads. These effects were amplified at increased thrust levels. Compressibility effects
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were also found to substantially affect the extent of separated flow on the rotor blade.

3.2 WAKE MODELS

Refined wake modeling has proven to be very important under certain flight condi-
tions. Recent literature has emphasized the need for further refinements to improve cor-
relations of experimental inflow measurements with predicted values. Current technology
provides several models, from classical skewed helices to free wake calculations, and compar-
isons have been made on their respective ability to predict rotor inflow over a range of flight

conditions [9,10,11]. The present analysis incorporates both the prescribed and free wake
models from CAMRAD [12].

3.3 COUPLED TRIM AND RESPONSE

The trim solution determines rotor pitch controls and vehicle orientation for a propul-
sive flight condition. The steady response determines the deflected position of the blade for
one complete azimuthal cycle. The present investigation utilizes an analysis which solves the
coupled, non-linear periodic equations of blade motion and six trim equilibrium equations.
The analysis is based on a finite element approximation in both space and time. Each blade
is assumed to be an elastic beam undergoing flap bending, lag bending, elastic twist and
axial deflection. The blades are discretized into a number of beam elements, each having
fifteen degrees of freedom. To reduce computational time, a large number of finite element
equations are transformed to the modal space as a few normal mode equations (6-9 modes
are normally used). The periodic, non-linear, response solution is determined by using a
temporal finite element discretization. Fourth order Lagrangian shape functions are utilized
within each tir'e element. The finite element in time formulation is based on Hamilton’s
weak principle. Resulting normal mode equations are ultimately solved as a set of non-linear

algebraic equations. The solution is obtained utilizing an iterative, modified Newton method
[1,13].

Concurrent with the solution of the blade equations of motion, is the solution of
the vehicle trim equations. The vehicle is trimmed on all axes for both force and moment
equilibrium (6 equations). The modified Newton solution method allows the two solutions

to be coupled to produce a unique solution that satisfies both blade and vehicle equilibrium

equations The force summation method is uscd to determine hub forces as a sum of inertial

and aerodynamic loadings (14].




3.4 AEROELASTIC STABILITY

Linearized blade stability is determined using Floquet transition matrix theory [15).
A normal mode approach is used, utilizing the coupled blade modes determined about the
trimmed mean deflections. The perturbation equations of motion are numerically integrated
to determine the transition matrix. A complex eigenanalysis is performed on this matrix
to assess the stability of each blade mode. Modal decay rates are derived from resulting
eigenvalues. A positive decay rate denotes an unstable mode.

Rotor blade stability for a non-linear response is determined using a modified Sparse
Time Domain (STD) technique, recently developed [16). The STD technique is a multi-
degree of freedom technique for estimating the modal damping parameters from transient
response data. Solutions of system equations are performed utilizing a windowing technique.
This method ultimately determines the damping characteristics for each mode, which in turn
determine blade stability.

4 RESULTS AND CONCLUSIONS

The effects of refined aerodynamic analyses have been studied in depth in a correlation
study with flight test data [17). The data used is from a modified, experimental SA349/2
Modified Gazelle helicopter [18]. The SA349/2 is outfitted with an Aerospatiale advanced
geometry rotor. This articulated rotor includes a damped lag articulation hub, and three
high speed (Grande Vitesse) research blades. The rotor blade airfoil section is an OA209,
9 percent thickness airfoil, and the blade has a non-linear twist distribution.

The correlation included validation of the analysis for three flight conditions, varying
both advance ratio and thrust coefficient; low speed-low thrust, high speed-low thrust, and
high speed-high thrust [17]). Aerodynamic blade loads (normal force and pitching moment)
and blade bending moments (flap and lag) were investigated. For a moderate flight condition,
high speed-low thrust, blade section normal force was well predicted, Figure 1. Non-linear
acrodynamic effects were small for this flight condition. Flap bending moments were also
satisfactorily predicted, Figure 2. Use of a refined wake analysis proved necessary to predict
the harmonics of the bending moments. At high speed, prescribed and free wake models
gave similar results. At the low speed flight condition, the free wake model substantially
improved the correlation of blade section normal force on the retreating side of the disk,
Figure 3. At a high speed-high thrust flight condition, the non-linear actuodynamic effects
were quite significant. Pitching moment correlations were improved by including non-linear
aerodynamic effects, Figure 4. The effect of small perturbations in the rotor thrust were




also studied. A small increase in thrust significantly altered the blade section pitching
moment as dynamic stall occurred on the blade giving rise to a large spike in the resulting
moment, Figure 5. The sensitivity of blade loads to such perturbations are quite important in
determining blade stability. Additional results depicted good correlation of trimmed vehicle
controls and vehicle orientation, and a substantial influence of blade twist and compressibility
effects on the extent of separated flow on the rotor.

The validation of the analysis yields confidence in the predictive capabilities of the
refined aerodynamics. The current research effort extends these advanced analyses into the
determination of rotor blade stability. Results are being correlated with model hingeless
rotor test data to validate the analyses and assess the eflects of the refined aerodynamics.
The test configuration was an isolated, soft in-plane, rotor with discrete flap and lead-lag
flexures and relatively rigid blades. Data was acquired for both hover and forward flight [19].
Preliminary results show that a linearized Floquet analysis yields accurate results under
moderate flight conditions, Figures 6-7. At more extreme conditions, namely increasing
advance ratios, a discrepancy arises in the correlation. Further investigation, utilizing a
non-linear modified STD technique, will determine if these discrepancies are attributable
to non-linear aerodynamic effects. Ultimately, the effects of flow separation, dynamic stall,
compressibility, refined wake modeling and other key parameters on rotor blade stability will
be investigated over a range of flight conditions.
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Abstract

Rotary wing aeroelasticity has been an area of considerable aclivity for the last one dec-
ade. A lot of work has gone Into developing an accurate and efficient model of rotor
blades for analysis purposes, most of which have been referred to in the review by
Friedmann [1]. One of the prime areas of research has been structural modelling, with a
continued interest shown in geometrically non-linear models for hingeless and
bearingless rotor blades. Inspite of this spate of research there is a distinct lack of liter-
ature on the analysis of unsymmetrically laminated composite rotor blades.

A simple and efficient element has been developed by Kapania and coworkers [Refs. 2
and 3] for non-linear analysis of unsymmetrically laminated beams and for aeroelastic
response of wing boxes with laminated skins. The ongoing research intends to include
study of the aeroelastic response of rotor blades. The element can be used to analyse
built-up box structures reinforced by stringers. The formulation takes into account the
effects of transverse shear, the bending-twist and the bending-stretching coupling inherent
in the blades with unsymmetric skins and unsymmetric cross-sections. An important
feature of this element is that even though it is a one-dimensional element, it is capable
of simulating the structural behaviour of box type structures wiih the same accuracy as
that obtained using WIDOWAC,

The analysis accounts for(i) flap-lag coupling due to the unsymmetric nature of the
cross-section of the rotor blades; (ii) axial- bending coupling, and the axial-torsion coupl-
ing due fo the either the anisotropic nature of the skin or the presence of sweep as in the
case of rotor blades with swept tips.

The eflect of axial forces is considered in the incremental stiffness matrix [4] and the
non-linear load-displacement path is predicted by a linearized mid-point tangent incre-
mental procedure [Refs. 5 and 6]. The generalised aerodynamic forces is obtained using
the principle of virtual work in conjunci.on with the 2-dimensional quasi-steady aerodyna-
mic theory. The results obtained will be compared with other works to validate the
method.
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EXTENDED ABSTRACT

Introduction and Problem Statement

The dynamic and aeroelastic problems of hingeless rotor helicopters have
been the subject of a considerable amount of research in the past twenty
years. Comprehensive reviews of such work have been published by Fried-
mann (1], Johnson [2], Ormiston [3], and Ormiston et al. [4]. One of the
advantages of hingeless rotor helicopters over articulated rotor helicopters
is greater agility. Therefore it is rather surprising that little or no infor-
mation has been published on the aeroelastic stability of hingeless rotors in
maneuvering flight.

The analytical and experime. tal studies on hingeless rotor aeroelastic
stability have generally focused on steady, straight, 1-g level flight conditions.
Maneuvering flight conditions affect the rotor dynamics mainly by changing
the load factor, by changing the orientation of the resultant rotor forces and
moments, and by introducing pitch and roll angular velocities. Secondary
effects are due to the changing of pitch control settings, and the generation
of sideslip angles. The effect of these factors on the aeroelastic stability of
the rotor has been largely ignored in the published literature.

The objectives of the proposed paper are the following:

1. to present the results of a numerical study of the aeroelastic stability
and response of a trimmed hingeless rotor in a steady coordinated turn,

2. to study the effects of steady stall and compressibility airfoil charac-
teristics on the trim conditions of the aircraft. and on the acroclastic
stability of the rotor.
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Mathematical model

The rotor blades are modeled as isotropic, Bernoulli-Euler beams under-
going moderate deflections [5]. The nonlinear, partial differential equations
of motion of the blade are discretized using a finite element formulation based
on Galerkin method of weighted residuals [6].

The formulation of the rotor aeroelastic problem is based on the "im-
plicit” approach introduced in Ref.[7] for the aerodynamic operator of the
equations of motion, and extended in Ref.[8] to the inertia operator. Using
this approach, the mathematical expressions for the aerodynamic and inertia
loads are not expanded symbolically. Instead, they are built numerically as
part of the solution process. This approach all but eliminates the tedious and
error prone task of deriving long, explicitly expanded equations describing

the complex nonlinear dynamics of the elastic blades attached to a rotating
and translating hub.

The equations describing the trim state of the aircraft in the coordinated
turn are based on those presented by Chen [9]:

1. Force equilibrium along the z body axis:
X =mgsind + m(qw — rv)

2. Force equilibrium along the y body axis:

Y = —mgcos@sin¢ + m(ru — pw)
3. Force equilibrium along the z body axis:

Z = —mgcosfcos$ + m(pv — qu)
4. Roll moment equilibrium:

L=—I,.(¢" = %) = Lupg + Lypr = (I, = L)ar

5. Pitch moment equilibrium:

M= "Irz(7”2 ‘PQ) ~ Ieyqr + Iy:pg — (I. = I)rp

Q%]
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10.

11.

12.

13.

. Yaw moment equilibrium:

N = —I,y(pz - q2) - Iyzpr + I:zqr - (Iz - fy)pq

. Constant portion of main rotor inflow:

A= —ptanayp + s
=4 HP N "T—r# T
. Constant portion of tail rotor inflow:
Cre

Ay = —ptanayp, + -

2/ uf + A

. Kinematic relationship for bank angle:

14
sing = L(cosacos¢+sino tan @) cos 8
g

Relationship between aerodynamic angle of attack a and Euler pitch
angle 6:

cos a cos Bsin 8 — (sin Bsin ¢ + sin a cos B cos @) cos § = siny
Relationship between roll rate and turn rate:
p= —4sin 6
Relationship between pitch rate and turn rate:
qg= ¥ cosfsino
Relationship between yaw rate and turn rate:

r =1 cosfcosd
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The airspeed components u, v, and w in the aircraft body axes system z,
y, z are given by:

v = Vcosacosf (1)
v = Vsing (2)
w- = Vsinacosf (3)

The 13 unknowns are the collective pitch of the main rotor 8y and of the
tail rotor 8y, the longitudinal and lateral cyclic pitch settings 8;, and 6,., the
steady state roll, pitch, and yaw rates p, ¢, and r, the Euler pitch angle 8,
the aerodynamic angle of attack «, the sideslip angle 3, and the constant
portion of the inflow for the main rotor A and the tail rotor A;.

The turn rate 4 (> 0 for a right turn), the magnitude V of the aircraft
velocity vector, and the climb angle o (> 0 for an ascending turn) define the
turning flight condition, and are provided as input.

Detailed expressions for the force components X, Y, and Z, and for the
moment components L, M, and N, are not presented in this abstract for
brevity, but will be provided in the complete version of the paper.

Steady stall and compressibility effects are taken into account through the
aerodynamic coefficients of the airfoil. Semi-empirical analytical expressions

for the normal force coefficient ¢,, the drag coefficient ¢4, and the moment-

coefficient ¢, as a function of angle of attack a and Mach number M have
been presented by Beddoes for the NACA 0012 airfoil [10]. The values of ¢j,
¢m, and ¢4 generated using these expressions are plotted in Figures 1, 2, and
3 respectively, for a range of values of a and M. These expressions are used
in the solution of both the coupled trim problem and the aeroelastic stability
and response problem.

Three-dimensional tip effects are taken into account in an approximate
way, by using Goldstein’s circulation correction factor & {11, pp.103-110],

and multiplying the normal force coefficient ¢, and the moment coefficient
tm at a given blade section by k.

Solution Technique

-

The solution process is divided into two phases, namely:

1. determination of the trim state of the helicopter in the turn, and

4




2. calculation of the aeroelastic response and stability of the rotor.

Phase I—Trim in coordinated turn

The determination of the trim state of the helicopter is coupled with the
calculation of the steady state equilibrium position of the rotor. For the trim
calculations the system of nonlinear ordinary differential equations (ODE) of
motion of the blade is transformed into a set of nonlinear algebraic equations
using a classical, or global Galerkin method, as described in Ref. {12]. Before
Galerkin method is applied, a modal coordinate transformation is performed.
If m modes are used in the coordinate transformation, and each generalized
coordinate is approximated with a Fourier series truncated at the n-th har-
monic, then the application of Galerkin method results in the generation
of m(2n + 1) nonlinear algebraic equations. The set of 13 trim equations,

Eq. (1) through (13) is appended to those equations. and the combined sys-
tem is solved simultaneously.

Phase II—Rotor aeroelastic stability and response

For the solution of the rotor aeroelastic problem, the rotor is assumed to
be attached to a hub of infinite mass, that rolls, pitches, and yaws at the
rates calculated in the trim process. The problem of solving the system of
nonlinear ODE of motion of the blades is transformed into that of solving a
sequence of linearized ODE, using quasilinearization. Because the equations
have periodic coefficients, the stability of the linearized system of ODE is
calculated using Floquet theory. The details of the solution procedure, for

the case of implicitly formulated aerodynamic and inertia loads. are presented
in Refs. [7] and [8].

Results

The results presented in this section refer to a soft-in-plane blade config-
uration, with fundamental, rotating, coupled natural frequencies of 0.73/rev,
1.12/rev, and 3.17/rev in lag, flap, and torsion respectively. The blades have
uniform mass and stiffness properties along the span. In steady, straight and
level flight the rotor is operating at a Cr = 0.005. The solidity is ¢ = 0.07.
Blade precone, built-in twist, and cross-sectiona! offsets from the elastic axis
are equal to zero.

The first set of results was obtained with a linear. incompressible airfoil
model, and neglecting three dimensional aerodynamic effects. Results were

5
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derived for values of the advance ratio g = 0.1, 0.2, and 0.3, and for turn rates
) = 0,0.1,0.2,0.4, and 0.6 rad/sec, corresponding to straight flight, and to
one complete 360 degree turn in 63, 31, 16, and 11 seconds respectively. The
load factors corresponding to the various combinations of speed and turn rate
are summarized in Figure 4. Three coupled modes were used to calculate the
trim conditicn. The modes were the first flap, the first lag, and the first
torsion coupled modes. Each generalized modal coordinate was represented
as a two harmonics Fourier series. Therefore m = 3 and n = 2, for a total
of 15 equations associated with the rotor elastic deformations. Including
the 13 equations associated with the fuselage equations, the trim state of the
helicopter is defined by a system of 28 algebraic equations. The quasi-Newton
solver HYBRD [13] was used to solve the system. The solution required
between 110 and 130 seconds of CPU time on an IBM 3081D mainframe.

The aeroelastic stability calculations were conducted using six coupled
modes. Each generalized coordinate was represented as a ten harmonics
Fourier series. The calculations were conducted at a fixed advance ratio,
for increasing turn rate. The initial approximation to the response at a
given turn rate was the solution at the previous turn rate; the initial ap-
proximation for the straight flight cases was a rigid blade. Two iterations of
quasilinearization were sufficient for all but one of the turning flight condi-
tions; three iterations were required for the straight flight conditions. Each
iteration required 180-200 seconds of CPU time.

Figures 5 and 6 show the real part of the characteristic exponent of the
first and second lag mode respectively, as a function of the advance ratio
and turn rate. The real parts of the characteristic exponents are indicative
of the damping, for a system with periodic coefficients. Figures 5 and 6
show that a right turn has a stabilizing effect on these two lowly damped
modes, and that this effect becomes larger with increasing advance ratio.
The first flap mode and the first torsion mode are essentially unaffected by
the turn rate, therefore the appropriate results are not presented here. The
second and third flap modes are somewhat destabilized by a right turn. The
characteristic exponent of the second flap mode is shown in Figure 7. The
damping of the second flap mode is so high that the mode remains well
damped even at high load factors.

Additional results were obtained for the same blade configuration, us-
ing the nonlinear airfoil characteristics mentioned previously. Figures 8




through 10 show the real parts of the characteristic exponents of the first
lag, second lag, and first torsion mode respectively. The advance ratio is
g = 0.2, the turn rate is ¥ = 0.25 rad/sec, and the thrust coefficient is
Crfe =~ 0.13.

Stall and compressibility affect directly the stability of the blade by mod-
ifying the aerodynamic load distribution. Because rotary-wing aeroelastic
stability problems are inherently nonlinear, stall and compressibility also
affect the stability level of the blade indirectly by modifying the trim condi-
tions of the helicopter, including the pitch control settings. In an attempt to
separate the two mechanisms, Figures 8 through 10 each show three plots.
The first refers to results obtained by neglecting stall and compressibility in
both the trim and the aeroelastic stability calculations; in the second, stall
and compressibility were modeled in the aeroelastic stability and response
calculations but not in the trim calculations; in the third, stall and com-
pressibility are modeled in both the trim and the aeroelastic calculations.
Each of the figures shows the characteristic exponents computed at each it-
eration of quasilinearization. The number of iterations required to achieve
convergence, and the size of the changes of the characteristic exponents as
the iterations proceed, give an indication on the strength of the nonlinearities
in the mathematical model.

Iigures 8 through 10 indicate that stall and compressibility have a stabi-
lizing effect on the damping of the first and second lag modes, and a desta-
bilizing effect on the first torsion mode. Stall and compressibility increase
the nonlinearity of the problem. This is indicated by the need for an addi-
tional iteration of quasilinearization when these effects are present. From a
numerical standpoint, quasilinearization converged without problems when
stall and compressibility were included, but the computer time required to
complete one iteration increased to 450-500 seconds of CPU time. This is
probably due to the smaller time steps that the variable-step, variable-order
ODE solver [7] selected to deal with faster varying aerodynamic loads.

Additional results are currently being derived, to gain a better under-
standing of the physical mechanisms that contribute to modify the aeroelas-
tic stability of the rotor. In particular, results are being derived to assess
separately the effects of stall and of compressibility. These results will be
presented in the final version of the paper.




Conclusions

The study outlined in this abstract represents a first step toward a basic
understanding of an important, yet largely ignored practical problem, namely
the aeroelastic behavior of a hingeless rotor in maneuvering flight.

The preliminary results presented in this abstract indicate the following
trends:

1.

o

When stall and compressibility effects are neglected, the lag modes
appear to be strongly stabilized by a turn. The stabilizing effect in-
creases with increasing turn rate and advance ratio. Some of the higher
modes may be destabilized by a turn at very high load factor, but their

damping level in rectilinear flight is high, and they remain stable in a
turn.

Preliminary results on the effect of stall and compressibility suggest
that the damping of the lag modes increases when these effects are
taken into account. All the remaining modes are destabilized, but not
to the extent that they become unstable. Stall and compressibility
act directly by modifying the aerodynamic loads, and indirectly by
modifying the helicopter trim condition.

. Stall and compressibility increase the nonlinearity of the aeroelastic

problem. Quasilinearization still converges reliably, but the computer
time required to complete an iteration increases considerably.
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Aeroelastic Stability of Multiple Load Path Rotor Blades

The bearingless rotorcraft offers reduced weight, struclural
simplicity, and superior flying qualities. Bearingless rotor
technology has been successfully applied to the tail rotors of the
Blackhawk and S-76 helicopters by Sikorsky. Boeing Vertol built the
first successful bearingless main rotor and glew it in 1978. Most of
the next generation rotorcraft are likely to be designed with
bearingless hubs,

All practical designs of bearingless rotors have multiple-load-path
hubs. The bearingless rotor tested by Boeing Vertol has three load
paths: two fiberglass flexbeams and a filament wound torque tube.

Because of the multiple load paths, the dynamic behavior of
bearingless rotors is significantly different than conventional
rotors. It is important, therefore, to have the capability to
accurately analyze bearingless rotors and how they affect the
stabllity of the entire helicopter.

CAMRAD ( Comprehensive Analytical Model for Rotorcraft Acrodynamics
and Dynamics) is a comprehensive rotorcraft analysis program developed
at NASA-Ames., The program utilizes new technology to analyze a wide
range of rotorcraft problems. This includes the trim solution,
performance, loads and noise, stability derivatives and handling

-

qualities, aeroelastic stability, and vibration and gust response.

CAMRAD i , however, to single load path modelling. The
axial degree of freedom for blade deformation, which is important for

multiple load paths, is also not included.
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The CAMRAD approach to solving the elastic blade equations is
termed the modified Galerkin's method. Exact, nonrotating beam
solutions are used in a Galerkin's procedure to solve the rotating beam
problem approximately.

Procedures similar to the ones that exist in CAMRAD are being
developed for multiple-load-path blades. Once the procedures are
developed and validated, it will be possible to extend the CAMRAD
procedures to include multiple~load-path bearingless blades.
Application of the modified Galerkin's method to multiple-load-path
blades has been completed and the results are shown in the next five
pages for a model rotor tested by Dawson, Work is in progress for

obtaining the trim solution.
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Table 2. Dawson Rotor Natural Frequencies in radssec
o PITCH LINK §} - 0 RP'M
MODIFIED
GALERKIN'S
METHOD
(REF. 17)
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ABSTRACT

Many papers have been published which analyze the behavior of cracked
rotating shafts [1]. The present investigation is more general than previous work
in several respects. The most important are the inclusion of (a) shear deformation
and rotatory inertia (Timoshenko model), (b) longitudinal, bending, and torsional
motions, and (c) three types of damping.

Except for a single transverse crack, the shaft is assumed to be uniform
and to have simply supported ends. lIts axis need not be horizontal, and the
centroid of its cross-sectional area need not coincide with its center of mass. The
material is assumed to be viscoelastic, which models interaal damping. External
viscous damping is also included. In addition, when the crack is closed, dry
friction acts at the crack face.

The crack is assumed to be open when the axial strain at the crack location
is positive, and ciosed when the axial strain there is negative. Following an idea
developed by Petroski {2], the discontinuities in stiffness and damping at the
crack are represented by concentrated forces. The magnitudes of these forces
are determined from the compliance matrix associated with the crack, which was
obtained by the use of fracture mechanics in Reference [3].

The governing equations of motion consist of six coupled, partial
differential equations involving three deflections and three rotations, which are
functions of time and of position along the shaft [4]. The equations are linear
during each period of time in which the axial strain has the same sign; when it
changes sign (i.e., when the crack opens or closes), some of the stiffness and

damping coefficients change. Hence the problem is nonlinear.
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Galerkin’s method is applied with two terms for each of the deflection and
rotation functions. This leads to a system of 12 ordinary differential equations for
the time-varying amplitudes of the assumed global shape functions. The system
is solved with the use of numerical integration. Time histories of the deflections
and rotations are computed and their frequency spectra are obtained.

Attention is focused on the steady-state response of the shaft. The effects
of the crack depth and the angular velocity are investigated. Exchanges of
energy between the longitudinal, bending, and torsional motions are studied.
Both free and forced vibrations are examined.

In conclusion, then, this paper generalizes previous work on cracked
rotating shafts in several respects. The results demonstrate the effect of cracks
on shaft response. They improve our understanding of the behavior of cracked
shafts, and can be utilized in the detection of cracks before the occurrence of

failure.
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NONPLANAR VIBRATIONS OF A CANTILEVER COMPOSITE BEAM
UNDER PLANAR HARMONIC BASE-EXCITATION
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Blacksburg, Virginia 24061

ABSTRACT

The dynamic behavior of a long slender beam is of interest in connection with
helicopter rotor blades, lengthy robot manipulators, spacecraft antennae, flexible
satellites, wind turbine blades, and other systems that perform large and/or complex

motions.

In this paper, Newlon’s second law is used to develop the nonlinear equations
of motion and boundary conditions describing the flexural-flexural-torsional vibration
of composite beams. The equations contain structural coupling terms and cubic
nonlinearities due to curvature and Inertia. Three consecutive Euler angles are used
to evaluate the transformation matrix between the deformed and undeformed states.
Because the twisting-related Euler angle ¢ is not an independent Lagrangian coordi-

nate, the torsional equation is used to define the real twist angle.

The nonplanar responses of a cantilevered, symmetrically laminated
graphite-epoxy composite beam subject to lateral harmonic base excitations (see Fig.
1) are investigated using the derived nonlinear coupled integro-differential equations
of motion. A powerful technique based on the state space concept and the funda-
mental matrix method is used to solve for the linear mode shapes. Then a combi-
nation of the Galerkin procedure and the method of multiple scales is used to
construct a first-order uniform expansion for the case of a primary resonance and a
one-to-one inlernal resonance in which the linear natural frequency of flexural vi-
brations in one plane is approximately equal to the linear natural frequency of flexural

vibrations in the other plane. We determine the ranges of the driving frequency

1




which result In unstable planar motions and describe quantitatively the ensuing
nonplanar motions. We study some of the main characteristics of the nonplanar
motions and investigate the possible bifurcations of the response amplitudes when
the excitation frequency is varied. We also demonstrate the existence of Hopf
bifurcations and the nonexistence of periodic motions for certain excitation parame-
ters. For different range of parameters, the nonplanar motions can be steady whirling

motions, whirling motions of the beating type, or chaotic motions.

To the first-order approximation the response of‘the beam is given by
v(s,t) = v(s)ay(t) cos(Qt — y,) + ... (1)
w(s,t) = wy(s)ay(t) cos(Qt — y,) + ... (2)

where v,(s) and w,(s) are the linear mode shapes of the beam,  is the excitation

frequency, and

2013y’ + [Ry + Rqas sin 2(yy — yp)lay =0 (3)
[204myy" — Ry — Ryl + Rsas + Roas cos 2(yy — y5)]a; =0 (4)
2wpn3," + [Ey + Eqal sin 2(py — y)lay — fefiray Sin yp =0 5
[2wanyy' — Eg — Eqa3 — Esal ~ Eza} Cos 2(yy — ya)]ag — fyfwn €08 y, = 0 (6)

Here, w,,, and w,, are the linear undamped frequencies of the interacting modes, f is

a measure of the excitation amplitude, and the fi, R, and E, are constants that are

given in quadrature.

Periodic solutions of the beam correspond to the fixed points (i.e., constant
solutions) of (3)-(6), which in turn correspond to a,’ =a,’ =y, =y, =0. Thus, (3)-(6)

reduce to a set of algebraic equations that can be solved numerically.
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Figures 2 and 3 show representative frequency-response curves of the first
and second modes. The results show that planar motions in the z-direction may be
destabilized by disturbances In the y-direction, resulting in vibrations In both planes.
For certain beam and load parameters, nonplanar responses can be either (a) un-
steady whirling motions (see Fig. 4(a)-(c)) (lengths and directions of the axes of the
elliptical route continuously change and the moticn also shows a low-frequency
twisting motion), or (b) steady whirling motions (see Fig. 4(d)) (the principal axes of
the elliptical route are not parallel to the y- or z-axes), or (c) chaotic motions. The
unsteady whirling motions may be periodic if the period of the amplitudes is
commensurable with that of the base motion. But this periodicity is not obvious be-
cause the twisting frequency Is too low. Figure 5 shows the frequency-response

curves of a beam with different modes in two principal directions.
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Figure 1. Coordinate systems : x-y-z = inertial reference frame; ¢ — n — { = principal
axes of the beam’s cross section at position s, which are fixed on the cross section.
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Figure 2. Response curves of the first mode for a beam with an aspect ratio
b/h>~ 1.0 : mode (1,1) , wy=wy 6 =00 , §,=-~0.01 , u=0.04, ff=0.002
p,=0.6489; a,= planar response amplitude; a,,, a,,= nonplanar response arnpli-

tudes; ( ) stable, {—-) unstable with at least one eigenvaiue being positive.




0.026
l ~
l a2 0013+
l 0 1 I T T T T
-00I6 -0008 0 0008
' o
I 0026
l 31n 0013~ ;
! /
l :
i | |
! o I ! lx H i T \y i
-00lI6 -0008 o] 0008
' c
Figure 3. Response curves of the second mode for a beam with an aspect ratio
b/h~ 1.0 : mode (2,2) , w,;=wy &6 =00, §,=0.002 , u=004, B,f = 0.000086,
' f, = 0.6489; a,= planar response amplitudes; a,,, @, = nonplanar response ampli-
tudes; ( ) stable, (----) unstable with at ieast one eigenvalue being positive, {....)
unstable with the real part of a complex conjugate pair of eigenvalues being positive;
' (a) response curves of w(s,t),(b) response curves of v(s,t).
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Abstract

Rotating frame turbulence, or RFT, refers to the actual
turbulence experienced by the blades, and requires noneulerian
description and sampling of measurements. Its characteristics are
strikingly different from those of conventional models based on
eulerian or space-fixed description, and these differences increase
with decreasing advance ratio and altitude. Therefore, RFT effects on
gust sensitivity of rotorcraft and tilt rotors are appreciable during
low-altitude and low-speed operations. Typical examples include NOE
maneuvers, light-house and offshore oil-platform missions and ship
landing of rotorcraft. The tilt rotor "chugging" problem, which is
basically a fore-to-aft low-frequency acceleration of the rigid body
mode coupling with the rotor torque mode, is another example. That
chugging occurs at relatively low speeds and aggravates during
descent shows that RFT effects should be included in the treatment
of this problem.

In axial flight, though the RFT and space-fixed turbulence are
stationary, the RFT spectral density shows large peaks at integer
multiples of the rotor speed (1P, 2P, etc.) and transfer of energy
essentially from the low-frequency region (< 1P) to the high
frequency (> 1P). Figure 1 shows the spectral density S(f) of the
vertical turbulence velocity at 0.7R blade station on the basis of the
Dryden model. The results refer to L/R=4, very low altitude
conditions at which turbulence scale length L is comparable to the
rotor radius R. They are presented as f*S(f) versus In f, which gives a
better picture of the spectral density variation or transfer of energy
in the low-frequency region. It is noteworthy that the area under the
curve, §*S(f)d(In f), gives the variance, as in the conventional S(f)
versus f presentation shown in the upper-left inset figure. The
upper-right inset figure refers to the autocovariance function R(t).
Since the area under the spectral density curve is the same in both
the space-fixed and rotating frame description, the transfer of
energy from the low-frequency region to the high-frequency region
is balanced by the occurrence of peaks. The RFT effects of transfer of
energy and the occurrence of peaks cannot be predicted in the space-
fixed description of turbulence and severely affect the helicopter
gust response statistics of standard deviation, threshold crossing and
peak distribution. In forward flighi, the differences in characteristics
are much more fundamental in that the RFT becomes periodically
nonstationary or cyclostationary although the space-fixed turbulence
remains stationary. Concerning the RFT's stochastic structure and its




effects on helicopter body response, this paper addresses the
following topics: 1) Instantaneous or frequency-time spectrum of
RFT, 2) Finite impulse response (FIR) filter for RFT, and 3)
Application of FIR filter to generate the helicopter body response to
RFT, including comparisons with a conventional approach in which
response statistics are computed directly.

Instantaneous Spectrum

The frequency-time or instantaneous spectrum Sy, (f,t) provides
a means of describing both the energy transfer with respect to
frequency f and the periodically varying nonstationarity
(cyclostationarity) with respect to t. Here the subscript w refers to
the vertical turbulence velocity, the only component included in this
investigation. Moreover, the instantaneous spectrum Sy, (f,t) shows
the distribution of energy in the (f,t) plane and is therefore real. By
comparison, the conventional double-frequency spectrum is a
complex quantity involving a real part (co-spectrum) and an
imaginary part (quad spectrum) and has a much diminishing
physical meaning. For atypical low-speed (advance ratio p=0.05) and
low-altitude (L/R=1) condition, Figures 2 and 3, respectively, show
the covariance function R(t,r) and the instantaneous spectral density
function Sy (f,t). It is highly instructive that both of these figures
clearly show the velocities. It is this cyclostationarity that has
significant bearing on the development of shaping filters (driven by
white noise) and the treatment of helicopter body sensitivity to
turbulence.

Finite Impulse Response (FIR) Filters

In axial flight the RFT is stationary. Therefore, the design of
shaping filter is straightforward, but algebraically cumbersome due
to peaks at integer multiples of the rotor frequency (see Figure 1).
However, in forward flight, the RFT is nonstationary although its
nonstationarity varies periodically, as shown in Figures 2 and 3.
Therefore, the shaping filter system has periodically varying
coefficients, and its design is by no means trivial. The FIR filter is an
intrinsically stable digital filter that exploits the linearity of the
problem as well as the cyclostationarity of RFT. Calculation of the FIR
filter coefficients involves the following steps:




a) select the spectral density function of the turbulence for which a
sample function is to be created;

b) obtain the frequency response of the filter using the spectral
density function of step (a);

c) transform the frequency response into impulse response by a
direct use of the inverse Discrete Fourier Transforms;

d) window the impulse response to the desired filter length;

e) use the impulse sequence obtained in step (d) as the filter
coefficients;

f) calculate the inner product of the filter coefficients obtained in
step (e) and a sequence of random numbers to arrive at the sample
function of the turbulence.

Basically, the coefficients of the FIR filter are calculated at each
instant in time with respect to the instantaneous power spectrum
Sw(f,t). Because the RFT is periodically nonstationary, an FIR filter
designed using this approximation will have periodic coefficients as
well. Conceptually, this amounts to approximating the nonstationary
behavior of the RFT with small time intervals of stationary behavior.

Body Response to RFT

An attractive feature of the filter approach is the feasibility of
generating the response sample functions to RFT excitations and the
subsequent evaluation of response statistics by 'ensemble' averaging.
Therefore, this approach can be directly implemented on current
flight simulation programs such as GENHEL. Figure 4 shows a
response sample function of the UH-60A Black rlawk helicopter body
normal acceleration response to turbulence in hover using the
GENHEL flight simulation program. The dominant RFT effects are
clearly seen, and, as expected, these effects increase with decreasing
values of turbulence scale length.

Conclusions
Major findings of this investigation:

1. The instantaneous or frequency-time spectrum of RFT
provides a feasible approach to modeling RFT to predict both
the cyclostationarity (periodically varying nonstationarity) and
transfer of energy from the low-frequency (<1P) to the high-
frequency (>1P) region.




2. The FIR filter approach modified to treat the cyclostationarity

RFT  can be directly implemented in ccnventional flight
simulation programs. Since it generates response sample
functions that are subsequently ‘enss. “le' averaged, this
approach can be used to verify analytic. - computed response
statistics. Preliminary results offer considerable promise.

. RFT effects are appreciable on helicopter bedy response. This

finding has a significant bearing on ride quality investigations
and future development of ride quality specifications in the
presence of turbulence.
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Figure 1. RFT Effects on Space-fixed Dryden Model for the
Vertical turbulence at 0.7R blade station.
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Figure 3

Instantaneous or Frequency-Time Spectra of RPFT
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ABSTRACT

The dynamics of a rotor blade in a maneuvering flight condition is addressed in this paper. For
simplicity, a uniform rigid rotor blade, with small chord and a simple flap and lag spring connection
at an offset hinge is considered. The aerodynamic forces are modelled by quasi—steady aerodynamic
theory . The equations were derived with the aid of the symbolic manipulation package MACSYMA and
a number of fortran programs were developed. The analysis of the infinitesimally small perturbations
about a trimmed steady state solution in a curved maneuvering flight is investigated by Floquet theory.
The characteristic multipliers associated with the perturbed motion, and stability boundaries in the
two-parameter space of flap and lag spring stiffness, are found for several flight parameters.

INTRODUCTION

To date, the analysis of the stability of the motion of helicopter rotor blades has literally been
restricted to two flight conditions, namely hover and constant velocity forward flight, e.g., [1-5]. A set
of differential equations of motion governing the dynamics of a rotor blade, including hub acceleration,
was recently presented in [6]. However, to the authors’ knowledge, no comprehensive analysis dealing
with the effect of maneuvers on the blade’s response is available. This work addresses this void in
the literature. To assess the influence of maneuvers of a helicopter on the stability of the rotorblade
motion, the simplest possible case is considered first. This is a level turn in steady flight with constant
speed along the hub’s trajectory, resulting in a constant acceleration of the hub. For steady flight,
the homogeneous differential equatic 3 of the infinitesimal motion about a steady state solution have
periodic coefficients and, thus, stabil:ty of the motion can be assessed by making use of well known
methods such as Floquet theory.

EQUATIONS OF MOTION

The model considered in the analysis consists of a rigid rotor blade with length R and hinge offset
e. Fig. 1 shows the generalized coordinates 8 and ¢ and feathering pitch angle € used in the analysis.
The hub is assumed to be moving with constant speed along a horizontal circular trajectory of radius
Ry, with bank angle ¢ and pitch angle ©. For simplicity, the rotor disk force vector is assumed normal
to the hub. A single lead-lag linear spring with stiffness K- and a single flap linear spring with stiffness
Kp is considered. Adding up all the relative linear and angular velocities and transforming to blade
coordinate axes, the absolute velocity of a point on the blade and thus, the kinetic energy of the blade
is found. Similarly, from coordinate transformations, the angle between blade chord and relative air
velocity is found, from which the generalized aerodynamic forces (Jg and Q. are obtained.
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Figure 1. Rotor blade coordinate systems
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' The differential equations of motion are obtained from Lagrange’s equations as
» doT  or
:I dt—a—ﬁr - 38 + Kg(B—Fp) = Qp 0
E d oT oT
dtaé - a¢ + KC(C"CPI) = Q¢
1
producing two non-linear equations which are written in vector form as
L
£(8,6.8,8.4¢.8) =0 @
1 o
and the constraint equation
6 (v) = 0y + b.cos () + 85sin () (3)




TRIM

The rotordisk forces, obtained from aerodynamic forces on the blade, are written in normalized
form as

2x
Cr =5z [ 1 (8.8,6,6.6) a
0
011=%/f11 (ﬂ',ﬂ,é,fﬁ) dy C)
0

2x
=5 [ (Baéco)av
0

Equations (4) and the expressions for the functions fr, fiy and fy were obtained with MACSYMAT[T7].
They are too lengthy and, due to lack of space, cannot be reproduced here.

A constant helicopter weight is assumed, and the bank angle & is determined from radial flight
path equilibrium. To eliminate the additional parameters of the position of the center of gravity of the
fuselage in this study, the moment trim equations are disregarded, and the pitch angle © is determined
from equilibrium with an assumed fuselage drag coefficient. The required thrust coefficient Cr is then
defined. Trim conditions are then

Cr:given ; Cy=0 ; Cy=0 (5)

These replace the constraint equation (3) so that 6 , 6. and 65 become three quantities dependent on
Cr, Cy and Cy.

SOLUTION OF THE EQUATIONS AND STABILITY

Defining a vector ¢(%) as ¢(¥) = [B(¥), {(+)]7, the solution to the equations of motion is written
asq(¢) = gp(z/))-}— 4,(¥), where gp(z/;) is the particular (trim) solution, and 4,(¥) is a small perturbation.
The particular solution is approximated by a finite Fourier series

_ | Bo+ Brecos (P) + Prssin($) + ... + Buyscos (Nep/2)
B7 | ¢o+ Gecos () + Casin(¥) + ... + Cyjacos (N9/2)

The solution is obtained numerically by introducing the Fourier series for g_ into equations (2) and
(4). The resulting 2N+3 non-linear algebraic equations for the 2N+3 coefficients Sy, .. . , Ans, Co, -
» CNp2» by, Oc, and 65 are solved numerically by Newton-Raphson’s method using exact analytical
expressions for derivatives in order to ensure good convergence.
The differential equations of motion for the infinitesimally small disturbance ¢ ,(¥) are obtained
by linearizing the non-linear equation (2) about its particular solution g, (¢). The lmeanzed equations
are of the form

(6)

M (g) 6+ (1) Ga+K (1) 22 =0 9,
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where M = %—:«-, C= %é and K = %{' . This is a set of two linear differential equations with periodic

coefficients determined by the particular solution 4,(¥) and by the periodic pilot’s input 6(3).
Converting the above equation into a system of four equations written in s:ate variable form as
= A(gp)g, where z = [8, 8, ¢, ()T, Floquet theory is then used to obtain the characteristic multipliers
associated with the linearized equations, and to determine the influence of a number of system parameters
in the stability of the response. An eigenvalue routine is used to determine the four complex characteristic
multipliers z;, (i=1, . . ., 4), from which four complex characteristic exponents s; = log z;/(27) can
be generated. To find the stability boundary in the parameter vlane, these are regarded as functions of
the parameters (Kp, K¢). Taking the smallest v = Real(log z,) for a chosen point in the parameter
plane (Kpg, I{¢), the particular solution z,(¢) and the scalar quantity u(X, K.) are calculated. To find
the stability boundary (K, K'¢) = 0 in the parameter plane, we start with the solution at some point,

then construct the gradient grad (u) = a“ﬂ,

0Kp, O0K,. A finite step AK =, [AKZ + AK ¢ is then used to “march” in the parameter plane along
the gradient line to find one point on the boundary. From this point on we proceeded in chosen steps
AK along the tangent direction, normal to the gradient direction (either to the right or left of the gradient
line), of the boundary u (Kﬁ,K,;) = 0. A final Newton-Raphson iteration at the end of each step is
used to obtain an accurate solution along the gradient line.

Due to lack of space here, results will be shown at the presentation of this work.

%l'?] by computing the solution at small increments
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Control and vibration reduction through the use of intelligent actuator elements has
been shown to be effective on several types of asrospace structures. Applications include
vibration suppression in space trusses and dynamic control of camber and twist for gust
alleviation and flutter suppression on fixed wing surfaces (1-3). Vibration suppression in
rotorcraft could be enhanced through the use of intelligent actuators because current
methods of vibration reduction in rotorcraft do not address some of the vibration
inducing phenomena that occur in actual helicopters including differences in individual
blade tracking and magnitude and locations of dynamic stall (4-6). Because the unsteady
bending moments in the rotor blade are several orders of magnitude greater than present
intelligent actuators can impart, the direct manipulation of the rotor blade in bending is
currently not feasible. However, through blade twist manipulation many types of
vibration reduction methods could be employed including suppression of blade
vibrational modes, in-flight tracking and dynamic stall reduction through small
amplitude pitch oscillations (7,8).

Implementation of dynamic blade twist requires the introduction of torsional
forcing to quasi-orthotropic blade structures like uncoupled composite or aluminum
blades. Since nearly all composite rotor blades in use today have such characteristics, a
method of torsfonal forcing must be developed. Many types of intelligent actuation
devices (including piezoelectric actuators) in production today are incapable of imparting
this torsional forcing due to their quasi-isotropic nature. Accordingly, this paper deals
with the analytical and experimental development of torsional forcing methodology as
it relates to the manipulation of intelligent structures.

To introduce torsional forcing from a quast-isotropic material, a method of
directional attachment was developed. The.-purpose of the directional attachment is to
maximize the cquivalent longitudinal stiffness of the plezoelectric crystal while
minimizing the effective transverse stiffness (as experienced by the laminate). One type

of directional attachment is shown in Figure 1.
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Figure 1  Directional Attachment of Piezoelectric Crystal to Substrate

Two types of test specimens were fabricated to demonstrate this principle. A bending
specimen with the arrangement of Figure 2 demonstrated that significant reductions of
transverse stiffness could be achieved without corresponding reductions in longitudinal
stiffness. The crystals and the attachment direction were orlented longitudinally and

transversely for experimentation.

Actuation Crystal
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Figure 2 Directional Attachment Specimen Configuration

The other plate test article had crystals at +45° angles from the longitudinal axis.
The crystals produced torsional deflections of the aluminum substrate which further
demonstrated that anisotropic behavior could be achieved by directionally attaching two
isotropic materials. Plezoelectric crystals were then imbedded in the skin of a Froude
scaled rotor blade. From the experiments that followed, the feasibility of using
directional attachment to introduce significant torsional deflections of aerodynamic

surfaces was demonstrated.
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The analytical treatment of pilezoelectric crystals in a laminate takes the form of
strain-encrgy reiationships. For the static actuation case, the strain energy in a given
cross-section is set equal to zero and the laminate strains are solved as can be seen as

follows.

o - 3f fesi[2

Where the subscripts "a" and "l" denote the piezoelectric actuator and laminate and

ot [ 5] [
§)

the integration variable "x" is in the longitudinal direction of the laminate. Expanding
equation 1 1o show the components of the stiffness and actuation matrices gives greater

insight to the problem,

[* i

Enn Enz Bz | Enn Enzz Eanz |3 |- £x
1 N Enzz E2222 Ezat2 dz | Enz, Ez222 Eazi2 zdz 37
U == Eaz Ezz1z E k-1 Eynz Ezziz E -1 2
> (26§ 18y Xy Xay 1 2 12 Ez212 : 1212 ¢ Bz Ezzz Bravz Yxy
o Eins Enez Bz [£2 Eynn Enz2 Bz % Kx
En2z E2222 Eaziz2 z2dz | 2122 E2222 Eaz12 2%dz Ky
J 0 L. Einz E2212 Ejar2 =2 Einz E2212 E1212 7% 1L Kxy
E1111 E1122 E1112 (% E1111 E1122 E1112 | %k €%
N E1122 E2222 E2212 dz E1122 E2222 E2212 zdz &y
LE Ez212 B k~1 LB Zy- ‘
+ (26 Ry %Xy Xy ) Z 1112 E22:2 E1212 1112 E2212 E1212 1 Yxy dl
o1 E1111 E1122 Ean2 | 2%k E1111 E1122 E1112 | {2k Kx
E1122 E2222 E2212 zdz | E1122 E2222 E2212 22dz Ky
v E1112 E2212 E3212 F %k-1 LE1112 B2212 E1212 07 %1 Kxy 1

(2)

For piezoelectric crystals, the number of actuation strains reduce to only g, and gy as
the other types of strain actuation including shear and bending are negligible. It should
be noted that one inherent characteristic of piezoelectric crystals is that the amount of
transverse strain is usually lower than the amount of longitudinal strain (9). Assuming
completely isotropic behavior of the substrate and the actuator as well as the same
Poisson's ratios, the sclution of the beam-bending case is seen for the configuration of

Figure 2,
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Predictions of the beam performance followed closely to the predicted performance of
equation 3. The modeling of the directional attachment requires closer attention to the
boundary conditions on each segment of the crystal and finite bond thickness also
affects the amount of directionality that the crystal can impart to the structure. With
greater crystal aspect ratios, the directionality increases due to the transverse shear lag
that the attachment area encounters.

Future work on intelligent structures for rotorcraft will incorporate more involved
lamination schemes for the integration of the actuators into the rotor blade structure.
The Froude scaled rotor blade that was constructed for this investigation demonstrated
significant torsional deflections for the purposes of some types of vibration control.
However, the Froude scaled blade used non-conducting composite plys around the
crystals (fiberglass and epoxy). This facilitated greater transfer of the crystal actuation
shear strains due to the extremely thin bond line (1-2 mil between crystal surface and
fibers). Since many types of composites are good conductors (graphite and boron)., an
insulation layer must be present between the crystal and the laminate to prevent
shorting of the crystal [10]. For directionally attached crystals, the insulation layer may
induce unacceptably high amounts of shear lag and cause the structures to have low
amounts of deflection. Further investigations of directionally attached crystals in

Froude scaled rotor blades will determine these characteristics.
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Active Control of Helicopter Ground and Air Resonance
by
G. Reichert
Technical University Braunschwelg, Germany

The aeromechanical instability of a helicopter, on the ground or
in flight, is caused by coupling between rotor and body degrees
of freedom. This instability is commonly denoted air resonance
when the helicopter is in flight and ground resonance when the
helicopter is on ground. The phenomenon is one of the classical
problems of helicopters known since the early days of helicopter
history, but still today it is a very actual one, especially for
helicopters with hingeless or bearingless rotors which are sus-
ceptible to such instabilities.

There is a good basic understanding of the problem and how to
avoid the instability in general. But for bearingless rotors it
is often very difficult to provide the required damping. Therefo-
re the possibilities of active control in the sense of artificial
stabilization of ground or air resonance find increasingly inte-
rest. Such an active controller would need sensing and actuating
devices, which can operate with a conventional swashplate, and
the hardware realization should be no basic problem.

The aim of the paper is to discuss the physical understanding of
the phenomenon, for which some modeling aspects seem to be very
important. Special consideration will be given to possible con-
trol schemes working through the full range of operating condi-
tions of the helicopter which can normally be encountered. Espe-
cially stabiiization of the air resonance instability has to be
seen in direct relation to stability and control angmentation of
the whole helicopter. Adverse effects on the flight mechanical
modes and thereby on the handling qualities have to be avoided.




Flap-Lag-Torsional Dynamics of Rotor Blades
By a Direct, “Transfer Matrix’’, Method
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Abstract

A direct analysis of the response of a rotor blade is presented without having to replace the
full nonlinear equations of motion of the system by a set of equations expanded into polynomial
nonlinearities. After the equilibrium solution of the full nonlinear equations is determined,
the perturbed motion about the equilibrium is then analyzed. Infinitesimally small motions
are considered, and both the eigenfunctions and the eigenvalues associated with linearized
motions are determined by a direct method which is based on the properties of the transition
matrix associated with such motion.

Introduction

The investigation of the response of a rotor blade involves the determination of a par-
ticular solution to the differential equations of motion and the eigenvalues associated with
infinitesimally small motions about such solution. Because of the complexity of the governing
differential equations of motion, it is common practice, in the rotorcraft dynamics literature,
to first expand such equations, to a pre-determined degree, about the undeformed state of
the blade. The resulting equations, which contain polynomial nonlinearities truncated to the
desired order, are then used to analyze the aeroelastic response of the blade. One must be
careful when working with expanded equations in order to obtain results that are mathemati-
cally consistent with the approximating assumptions and which do not produce results that are
physically invalid such as those presented in [1] with quadratic equations. As shown in [2-4],
the inclusion of cubic nonlineariries is necessary in order to circumvent such inconsistencies.

An analysis of the response of a rotor blade in hover, including the effects of cubic nonlin-
earities, was presented in [5,6] making use of Galerkin’s method with a set of eigenfunctions
of a non-rotating beam. The number of Galerkin coefficients is dependent on the number, N,
of eigenfunctions and on the order of truncation of the differential equations of motion. As
shown in [6], such number is greatly increased when one increases the truncation order from
quadratic to cubic. Also, as shown in (7] for a cantilever with a large tip mass, even the cubic
appxoximation for the equations may yield, in some cases, very innacurate eigenvalues for the
linearized motion.

In the present work, the problem of determining the equilibrium solution and the eigenval-
ues associated with the perturbed, infinitesimally small, flap-lag-torsional aeroelastic response
of a rotor blade in hover is reformulated. The equilibrium state is determined directly by solv-
ing the two—point boundary value problem governed by the original, full-nonlinear, equations




of motion. A transfer matrix approach, based on the properties of the transition matrix of
the system, is used for determining the eigenfunctions and the eigenvalues associated with the
perturbed motion of the system.

Analysis

The differential equations governing the flexural-flexural-torsional motion of inexten-
sional beams, taking into account all the geometric nonlinearities in the system, were for-
mulated in (2], and in [3] for both extensional and inextensional beams. The system con-
sidered here consists of an initially straight and untwisted cantilevered rotor blade of un-
deformed length R, pre-cone angle 8 and collective pitch 6y [5]. The differential equations
of motion for the blade were formulated using the approach followed in [3], with the aero-
dynamic forces modelled as in [5]. For convenience, they are written in terms of orien-
tation angles (0,,6,,6;), which are related to the elastic deformations (normalized by R)
w(z,t),v(z,t),u(z,t) shown in Fig.1, and the elongation ey = \/((1 +u')? + v'2 + w'?) -1 as
v' =(1+eo)cosfysinb.,w = (1+e)sinb,, 1 +u' = (1+eg)cosb,cosh,. The blade’s angle
of twist, ¢(z,t), is given as ¢(z,t) = 6 + [; 0%(n, 1) sinfy(n,t) dn. Here, primes denote partial
differentiation with respect to the spatial variable z, which is the distance along the unde-
formed blade’s reference axis, normalized by R, and dots denote partial differentiation with
respect to time, normalized by the rotational angular speed 2. Considering, for simplicity, a
homogeneous blade, the normalized differential equations of motion are

A z L o .
G;é((1+eo)coasz€ cosd +tan9;/£ fud:c> =0t Zicosf = Hodnf v -Qy
Yy <
G\, 2 (G, sinf, tanb A, by cost, [ fude)
w= | Gysinf, tan y+(—ITZ(—)-)-—c:)—S-0—y-+tan ycosf. , fudz (1)
= + 20sin B + (z + u)(sin 28)/2 — wsin® B — Q,
Ap, =Qs,

where f, = i — 20 cosf + w(sin2B)/2 — (z + u)cos? B — Qu;Qu, @v, Qw and R, are the
generalized aerodynamic forces, whose virtual work is Quéu + Q,6v + Quéw + Q4 66,. The
expressions for Ag,,Ag, and Ay, are obtained as shown in [2,3].

To analyze the motion, Eqgs. (1) are written, for convenience, in state variable form as
¥'(z,t) = f(v,9,4,9,7) The state equations admit the equilibrium solution y = y (:z:)
The static -Eq—ul-ﬁb—rn.fm solution y ( ) was determined numerically by solving the t;wo—pomt
boundary-value problem govemed by the resulting ordinary differential equation v, ‘(z) =
f(y (). By perturbing the equilibrium solution as y = y, + €y, (z,t), expanding the state
equatlons about ¢ = 0, and truncating the expansion to O(e), a set of linearized differen-

tial equations are obtamed With y (z,t) = Y(z)exp(rt), these equations are of the form

Y'(z) = A(r)Y(z). The eigenfunctions Y(z) and complex eigenvalues r o+ V(= 1)r, were
determined numerically by a transfer matrix method.

2
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Fig. 1 (aand b) show plots of the static equilibrium solution at the blade’s tip, ve(1), we(1)
and ¢.(1), and one of the first three eigenvalues associated with the perturbed motion, ver-
sus w;, — the blade’s non-dimensional rotating flap~frequency in vacuum for §, = 0 [8).
The results shown in these figures are for the four-bladed rator considered in [6], with non-
dimensional rotating lead-lag and torsional frequencies in vacuum,equal to w? = 1.5 and
wy = 2.5, respectively. The values chosen for other parameters of the problem are those
used in [6]. The equilibrium solution and the eigenvalues, for 8y = 0.5, determined in [6] by
a Galerkin’s procedure with five non-rotating beam modes are also shown in these figures
(points marked x) for comparison with the more accurate results determined by the method
presented here. Comparison of the results of the two analyses disclose the effect of order
truncation when the full nonlinear differential equations of motion of the system are expanded
about a state that is not an equilibrium, and replaced by the resulting set of approximate
equations with polynomial nonlinearities. These conclusions are consistent with the results
presented in (7] for a cantilever with a large tip mass.
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Fig. 1. Static equilibrium (v, w,, 4. ), at blade’s tip, and real (¢4) and imaginary (wg) parts of
an eigenvalue versus w,.
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A DIRECT NUMERICAL EVALUATION OF FLOQUET TRANSITION
MATRICES FOR PERIODIC SYSTEMS

Der-Ho Wu and S. C. Sinha
Auburn University, Mechanical Engineering Department
Auburn, AL 36849

ABSTRACT

Many problems arising in rhe dynamics of rotating systems such as the
helicopter blades, the rotor hearing systems and the dynamic stability of
structures lead to a set of differential equations with periodic coefficients.
In general, the equations are nonlinear, however, the stability analyses of all
such systems require investigation of linear equations only. In spite of the
availability of many “echniques, Floquet analysis has served as the main tool
in various applications. Floquet analysis is a powerful technique which is
easily implemented on a computer and holds most promise in the analysis of large-
scale periodic systems. Evaluati : of ’‘Floquet Transition Matrix'’(FTM) and
eigenanalysis are the two major cmputational problems encountered in the
analysis of periodic systems. Although many techniques have been suggested in
the literature, the computation of FTM for large-scale system is still a
challenging task. At the present time, the application of a higher order initial-
value codes(such as the fourth-order Runge-Kutta or Hamming's Predictor-
Corrector) in a 'single pass’ scheme is regarded as the most efficient algorithm
in the evaluation of FTM. The ’single pass’ scheme was suggested about fifteen
years ago, but since then not much progress has been made toward the development
of new computational techniques.

In this study, a direct numerical evaluation of Floquet Transition Matrix is
proposed. The solution of periodic systems ic represented in terms of shifted
Chebyshev polynomials of first or second kind. The main feature of this technique
is that it reduces the original differential problem to a system of linear
algebraic equations.

A multidimensional linear periodic system may be represented in the state-
space form as

y(t) = [A(t)] y(t) ; [A(t+T)) = [A(t)] , y(0) =y, (1)

where y(t) 1s n vectors and [A(t)] is an n x n periodic matrix with period T.




For a set of Chebyshev polynomials, S(t) defined over the period [0,T], the
vectors and matrices appearing in equation (1) may be expanded as

m-1
y(£) = T GSi(t) (2)
i=0

-1
A(t) = Z D;Si(t)
i=0

and

y(0) = ySp(t) (3)

where C; are the unknown vectors, y; is the initial vector, and D; are known
vectors.

Integrating equation (1), utilizing relations in equations (2) and (3), and
equating the coefficients of S; leads to a set of linear algebraic equations
in C;, which can be solved by a standard technique.

Once C;'s are known, the solution y(t) can be obtained from equation (2), and
the FIM can be directly evaluated.

Several illustrative examples including the stability of Mathieu’'s equation
and column under periodic load are discussed. Potential applications to
rotorcraft stability problem are also indicated.
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Lyapunov Exponents for Stochastic Systems with
"Applications to Helicopter Dynamics

N. Sri Namachchivaya and Kurt Heier
Department of Aeronautical and Astronautical Engineering
University of Illinois
Urbana, IL

There are several probabilistic methods which have been presented
in the literature for investigating the stability of stochastic dynamical
systems. Most investigations have been concerned with stability in
moments and almost sure or sample stability. In practice, it is generally
most desirable to examine the almost-sure sample stability and the results
thus obtained hold true with probability one. It is clear that for first order
Ito equations, the region of stability for higher integer moments are
included in the regions of stability of lower integer moments and
furthermore, all integer moment stability regions are included in the
region of sample stability. Recently, an exact relation between conditions
for sample stability and conditions of moment stability were established in
Kozin and Sugimoto [1] and extended by Arnold [2]. It has been shown by
Kozin and Sugimoto [1] that sample stability region in some parameter
space is a limit of the regions of the pth moment stability as p 1 0. However,
it is difficult to obtain sample stability in such a fashion, since the
conditions for the pth moment stability is more difficult to obtain for
arbitrary p, in multidimensional multiplicative systems. For this reason,
sample stability in this paper is obtained using a very well developed
concept of Lyapunov characteristic exponents (see, e.g., Khasminskii [3]
and Arnold and Klieman [4]). Furthermore, it is well known that in
regions where the system is stable in probability one, the second moments
may grow exponentially. It is, therefore, important from the design point of
view that the higher order moments decay in some parameter region. To
this end, mean square stability conditions are also obtained in this work.
The theory developed here is applicable to many engineering systems,
however, in this paper atleniion is focussed on helicopter dynamics.

When a helicopter is in forward flight, even under ideal smooth flow
assumption, the blade encounters different flow regions in a period of
revolution and the aerodynamic loads alcag the blade are distributed




2

nonuniformly. By virtue of this complex but periodic aerodynamic loading,
a helicopter rotor blade is a time variant system and is susceptible to severe
vibrations. Noteworthy investigations of rotor dynamics in forward flight
have been made by Stammers [5], Peters [6], Friedman [7], et al. Stammers
paper discussed the nature of flapping torsion flutter and dealt with the
presence of periodic coefficients in the equations of motion. It was shown
that forward flight can have a significant stabilizing influence on flutter
and that, as tip speed increases, flutter occurs predominantly at half-
integer frequencies. Peters [6] considered the problem of flap-lag stability in
forward flight. It was shown that periodic coefficients were important for
flap-lag stability even at low advance ratios. It was also concluded that the
variation in rotor trim and in-flow with forward speed had a significant
effect on blade stability.

In the service life of a helicopter, numerous encounters with
thunderstorm and clear air turbulence can be expected. Because of the very
nature that the lift is generated by blade rotation, some level of self-created
turbulence is also unavoidable. Thus, to make the analysis realistic,
random turbulence in the atmosphere is included in many recent
investigations, and considerable progress has been made towards
understanding mean square flap-lag stability. The inquiry into the effects
of atmospheric turbulence on the stability of a rotor blade was initiated by
Lin, Fujimori, and Ariaratnam [8]. Here, the stability of uncoupled flap
motion in the presence of random turbulence was investigated for the
operating condition of hover and forward flight.

The coupled flap-lag equations of motion for forward flight previously
derived by Peters [6] were generalized by Prussing and Lin [9] to include
random turbulence in the airspeed components of the blade. Here, a mean
square stability analysis was performed only for the case of hover with
vertical turbulence. It was shown that vertical turbulence appears to
increase the stability of the coupled flap-lag motion for realistic rms
turbulence velocities. -

In this work, almost sure stability for coupled flap-lag motion is
examined using the well developed concept of Lyapunov exponents. To this
end, the equations of motion derived by Prussing and Lin [9] are used, i.e,.
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where

Gy =6ij+ QCE +T]C;} + vC}

Ki;=—KU+F;K,§-+nK{} + vK}
F=EF° + nF) + oFP, i=12,j=12

The variables B and { are the blade flap and lead-lag angles,
respectively, and §,  and v are the non-dimensional lateral, longitudinal,
and vertical random turbulence components of the air flow relative to the
blade. The matrices C and K consist of deterministic (aij. Ku) and stochastic
components and the inhomogeneous forcing terms Fi and Fg are also
functions of the random turbulence components. This analysis is an
extension of the recent work reported by Sri Namachchivaya and Prussing
[10] on the almost sure stability of decoupled flap motion.

As the first step in the analysis, a set of approximate Ito equations
are derived using both deterministic and extended stochastic averaging
methods. The effect of turbulence is greater near the critical points of the
dynamical system. In the vicinity of such critical points, extended
stochastic averaging yields a set of 2-D reduced Ito equations as

da = mg (a,,u,1) dt + o} (a,p,1) dwy

do =my (a,0,0,\) dt + of (a,6,1,1) dwey

where mgy, my are the drift coefficients and GS and 0% are the diffusion
coefficients of the associated Fokker-Planck equation, and Wyj, Wo;j are

Wiener processes of unit intensity. It is worth pointing out that a and ¢

processes are coupled and the rate of growth of the amplitude process
depends on the evaluation of the ¢ process on a unit circle. The Lyapunov

exponent A defined as




/

A= lim Lin 11x(t %0 to)l 1, x - (58, 5p)

t —> 00

is calculated for the above Ito equations using the approach given by
Khasminskii [3], and Sri Namachchivaya and Prussing [10]. The
dynamical system is said to be almost sure stable (stable with probability 1)

- ifA < 0.

Consider an n-degree of freedom system, which represents many
physical problems including the flap-lag motion, i.e.

% + 206% + QF x; = eV2A;xE(t) + et Bix; sinvt, i,j = 1,2,....,n

where Aj; and Bj; are elements of constant matrices. In this equation, we
shall assume that the 15t mode (lead-lag) has small damping compared to
the rest of the modes. The maximal Lyapunov exponent A can be calculated
as

A LSRN Il+iz(i)> n kl.l 0 A
A I ) ML @b

where I, (1) represents the Bessel function of imaginary arguments, and
imaginary order,

— n kl i1
L= 2D , A = {K-}-klzl W(l) "j% 4JK; [ (Ql_]) \]I(Ql))]

D=1+ [k (2800) + S, 5= weny, =00 (1-€N)
Pii = A,'{(D%, kij = B-\{ﬁ)g

S {#) and y{*) are cosine and sine spectrums of the stochastic excitation
E(t), and A is the detuning parameter.
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Introduction and Background

R G .

Currently at NASA Langley Research Center, there is an effort to integrate various

disciplines in the rotor blade design process . An investigation at partially integrating some of
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these disciplines is reported in Ref. 2, where the integration of aerodynamic loads effects and the

dynamic aspects of blade design was addressed by coupling a comprehensive helicopter analysis

code, CAMRAD3 , the nonlinear optimization algorithm, CONMIN4, and an approximate
analysis technique. A combination of the blade 1oot 4/rev vertical shear and the blade weight
was minimized with constraints on coupled lead-lag and flapping frequencies, blade
autorotational inertia and centrifugal stress. The paper demonstrated a significant reduction in
the 4/rev vertical shear and blade weight, which were objective functions, along with overall
reductions in the amplitudes of the oscillatory vertical airloads both azimuthal and radial. Asa
byproduct, it was shown that optimization also reduced the total power required by the rotor

while maintaining the same C,I/c, CT being the rotor thrust coefficient and o the thrust weighted

solidity of the blade.

It was of interest to extend the work of Ref. 2 by including other sources of blade vibration
that are transmitted to the hub. For a four-blade rotor the other major oscillatory loads are the
3/rev and 5/rev inplane and radial shears, the 3/rev and 5/rev flapping and torsional moments and
the 4/rev lagging moment. These are included in the optimization formulation, either in the form
of objective functions or as constraints, in the present work. Also, the total thrust of the

optimized blade in Ref. 2 was lower than that of the reference blade although the C,r/c was held

constant during optimizatior. To avoid this loss in the rotor thrust, a constraint is imposed on the
total thrust.
Problem Statement and Formulation

Optimization techniques are applied to minimize the vibratory blade loads of a four-blade
helicopter in forward flight. This is done by considering all the major sources of vibration
(forces and moments) in the rotating frame that are transmitted to the nonrotating hub as 4/rev
harmonics of the longitudinal, lateral and vertical forces and the pitch, roll and yaw moments.
The objective functions are the 4/rev vertical shear and the 3/rev inplane shear. Constraints are
imposed on the 3/rev radial shear, the 3/rev flapping and control moments, the 4/rev lagging

moment. Constraints are also imposed on natural frequencies, blade weight, centrifugal stress
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and blade autorotational inertia. A constraint is incorporated on the rotor thrust to ensure that the
optimum blade performs the same rotor task as the reference blade. Side constraints are also

imposed on the design variables to avoid impractical solutions. The bounds are selected from an

wr

existing advanced rotor blade model which will be called the 'reference’ blade hereafter.

Blade Model and Design Variables
A linear taper is allowed along the blade planform (Fig.1) and the blade taper ratio, A, is A

=c. / Cy where c. is the root chord and c, is the tip chord. It is assumed that the blade stiffnesses

arise solely from the blade structural component (i.e., the contributions of the nonstructural

masses, the skin and honeycomb, etc. are neglected.

The design variables are the blade stiffnesses at the root, the taper ratio, the root chord, the

L L LA M M N

radius of gyration at blade root and the nonstructural weights located spanwise. The blade

preassigned properties and the helicopter performance parameters are used from the existing

reference blade data. A method called the 'Global Criteria Approach’5 is used to formulate the
multiple objective optimization problem.
Analysis

The program CAMRAD is used for the blade aerodynamic and dynamic analysis and the
program CONMIN is used for the optimization. In addition, approximate analyses of the

Ol ik i e Rl

)

objective function and constraints involving Taylor series expansions are used to save
computational effort. Sensitivity analyses for computing derivatives of the objective function
and the constraints are part of the procedure.

The blade is trimmed at each step of design optimization. A wind tunnel trim option,
provided in CAMRAD, which consists of trimming the rotor lift and drag, each normalized with
respect to ¢, and the flapping angle with collective and cyclic pitch and shaft angle is used.

Results

Optimum designs have been obtained with and without the thrust constraint and the two

K

results are compared. For ease of reference the following notation will be used

i s

Case 1: optimum design with thrust constraint,

(el )
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Case 2: optimum design without thrust constraint.

Case 2 signifies a design where the hub shears can be minimized at the expense of reducing the
rotor thrust. The remaining constraints are the same for both the cases. Note that this would
mean keeping the blade thrust weighted solidity fixed during optimization.

Some typical results obtained are presented in Figs. 2 - 4. Fig. 2 presents a comparison of
the 4/rev vertical and the 3/rev inplane shears, which are the objective functions. The reductions
are larger in Case 2 due to the fact that the rotor has much lower thrust, however, the optimum
blade in Case 1 also has lower values of these shears. It was of interest 1o investigate whether
optimization causes any changes in the blade section airloads. Therefore, the normal and inplane
complonents of the total acrodynamic forces on the section, the lift L and the drag D, resolved

with respect to the hub plane and denoted by FZ and Fx respectively, are plotted. Fig. 3 presents
the azimuthal distribution of FZ at a radial station of y/R =0.99. The figure indicates that
optimization does not change the magnitude of Fz in case 1, but reduces its amplitude
significantly in Case 2. Fig. 4 presents a comparison of the rotor power coefficient, CP ,

normalized with respect to solidity o, for the reference and the optimum blades. Even without
any consideration of the rotor power, i.e., the power not included in the optimization formulation,
the optimum blades in case 1 does not suffer any increase in the total power and in case 2 the
power requirement reduces significantly.

The final work will contain more details of the optimized blade. For example a complete
history of the constraints (flapping, lagging, control moments, etc.) will be studied. More results
will be included to demonstrate the effect of reducing the 4/rev vertical and the 3/rev inplane
shears on the blade section airloads. Since a comparison of Cases 1 and 2 indicate a trade-off
between reductions in the harmonics of the loads and maintenance of a certain thrust level,
results are beluy obiained with several other thrust conditions to establish a pattern which would

be of interest to a blade designer. Additional results ascertaining the effect of such optimization

on blade performance will also be obtained.
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Application of DYNOPT Optimization Program For Tuning
Frequencies of Helicopter Airframe Structures

T. Sreekanta Murthy
Lockheed Engineering and Sciences company
Bampton VA 23666

ABSTRACT

Among the various approaches which are employed in attempts to
reduce vibrations in helicopters, the method of airframe structural
tuning has begun to receive renewed attention. In the airframe tuning
approach, the natural fiequencies of the airframe are separated from
the frequencies of the rotor-induced loads to avoid resonances and to
reduce dynamic responses via appropriate modificat.on of the airframe
structure. This approach to the design of airframes has the potential
for producing inherently low vibration helicopters. Research work on
this approach is relatively new and is contained primarily in refexr-
ences 1 throvgh 5. The cited papers all address the uce of local struc-
tural modifications aimed at tuning airframe natural frequencies. Sev-
eral methods "ave kteen used in those papers to identify airframe mem-
bers for modi.ication. Sciarra(l) used a strai.. energy method; Done
and his co-workers (2) and Sobey (3) used the Vincent circle trace of
responses as obtained through variation of stiffness in airframe mem-
bers; Hanson (4) did a comparative study of the above two methods; King
(5) used a modal tuning method. Although the term "structural optimi-
zation"” is used, for the most part the papers do not apply structural
optimization in the usual way. Rather the term is used to indicate that
any local structural modifications which have been made are the best
based on ad hoc considerations such as reduction of responses or strain
ener?y in a member. The use of optimization techniques for airframe
structural modifications is rather recent. Indered, references 6 through
8 describe what are apparently the only published reports on the appli-
cation of such techniques to simple models of airframes.

As part of the on-going . .search on helicopter optimization for
vibration reduction at LaRC, a study was initiated to develop computa-
tional procedures for optimization of practical airframe structures
under dynamic constraints. One of the objectives of the study was to
develop sensitivity analysis preccedures for constraints on the steady-
state dynamic response displacement of airframes under rotor-induced
loads. Research work in this regard involved development of a solution
sequence hased on direct matrix abstraction program (DMAP) of
MSC/NASTRAN to compute the sensitivity coefficients for the dynamic
response constraints. The sensitivity results from the application of
the solution sequence to an elastic line model of a helicopter airframe
structure are discussed in reference (9). In the research study, a com-
putational procedure based on the nonlinear programming approach of
optimization was developed which incorporates the dynamic response sen-
gitivity solution sequence. The procedure has the capability to solve
optimization problems with frequency and static constraints in addition
to forced response constraints. Implementation ¢ the procedure
resulted in a computer code, designated DYNOPT, for optimization of
alrframes under dynamic constraints. This paper describes the features
of the DYNOPT code and demonstrates its application to optimization of
the finite el. '‘ent model of a Bell AH-1G helicopter airframe. The
results of t}' . study are described and discussed in this paper.
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ABSTRACT

Very little is known about isolated rotor stability under dynamically stalled
conditions. This is particularly true of lead-lag modes that are at best weakly damped
and for wich current methods of predicting damping levels merit considerable
refinement. Given the complexity of the flow field of a rotor blade in dynamic stall, it
is virtually imperative that analytical results are compared with a comprehensive
data base of test results. Accordingly, the present study investigates, both
experimentally and analytically, the effects of dynamic stall lift and dynamic stall
drag on the flap-lag stability of an isolated hingeless rotor. The emphasis is on the
correlation with tests performed on a three-bladed isolated model rotor in the U.S.
Army Aeroflightdynamics Directorate’s 7 by 10 foot (2.1 by 3.0 m) wind tunnel. The
data were collected in two tunnel entries. Model configuration and test procedures
were essentially the same for both entries. As shown in Figure 1, the correlation
covers a wide range of test conditions for various values of rotor speed (), collective
pitch (0,), shaft angle (as), flap-lag structural coupling ratio (R) and advance ratio
(#). It includes cases that vary from near zero thrust conditions in hover and forward
flight to highly stalled forward flight conditions with advance ratios as high as 0.55
and shaft-tilt angles as high as 20°.

The experimental model closely represents a simple model of a hingeless
rotor with rigid blades having spring restrained fla g hinges. This intentional
simplicity facilitates isolation of dynamic stall aspect the s* 'ty problem. The
structural details of the analytical model were choseu to correspond as closely as
possible to the experimental model. The aerodynamic representation is based on the
ONERA unified dynamic stall lift and drag models. The nonlinear equations of blade
motions and stall dynamics are perturbed about a periodic orbit or forced response,

and the damping values (¢, 1/sec) are evaluated from the Floquet eigenanalysis.
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The predictions are based on four theories : 1) linear theory, a constant
airfoil lift-curve slope and a constant profile drag coefficient, 2) quasi-steady stall
theory, which is the linear theory refined to include quasi-steady nonlinear lift and
nonlinear drag characteristics of the airfoil section, 3) dynamic stall lift theory, with
quasi-steady drag and 4) complete dynamic stall theory, which includes dynamic stall
lift and dynamic stall drag. Figure 2 shows the correlation in hover for a collective
pitch angle 0,= 8°(Figure 2a), and in forward flight for o= 6° and as= 20°(Figure
2b). Here, the dynamic stall effects are negligible, as. determined from the stall angles
based on trim values (|angle of attack a] ¢ 12°). Nevertheless, the correlation
facilitates an improved appreciation of the dynamic stall effects on lag damping. The
predictions cluster into two categories of linear theory vis-a-vis the other three
theories. In hover, as seen from Figure 2a, the linear theory is fairly adequate in the
prediction of increasing and decreasing trends of damping level, including the
reduction in damping level around 400 rpm, where the flap and lag frequencies
coalesce. However, the discrepancies between the data and the linear theory
consistently increase for § > 400 rpm. By comparison, the remaining three theories
provide excellent correlation throughout. To isolate the effects of nonlinear quasi-
steady section drag characteristics in substall, additional correlations (not shown)
were conducted between the data and the linear theory refined to include nonlinear
quasi-steady section drag in substall. It was seen that these substall nonlinear drag
characteristics significantly improve the correlation, as is typical of low-Reynolds-
number effects of test conditions (in hover, Reynolds number was close to 240,000 at
the blade tip). In forward flight, as seen Trom Figure 2b, the linear theory provides
poor correlation by predicting rapidly increasing damping level with increasing
advance ratio s, whereas the data show nearly constant or slowly decreasing damping
level with increasing p. By comparison, the other theories provide excellent

correlation. As in hover, the improvement is primarily due to nonlinear profile drag




2
zl
3

effects.

The stalled high-thrust conditions are presented in Figure 3 for the collective
pitch angles of 0° and 3°, both for a shaft-tilt angle of 16°. The predictions of linear
and quasi-steady stall theories contrast, each providing good correlation for one case
and qualitatively inaccurate prediction for the other. For example, the linear theory
gives reasonably good correlation only for the case of zero collective pitch angle
(Figure 3a). But for the second case of 3° collective pitch angle (Figure 3b), it
predicts increasing damping with increasing advance ratio — a qualitatively
inaccurate prediction in comparison with the test data. In contrast, quasi-steady stall
theory gives good correlation for collective pitch angle 0,=3°(Figure 3b), and
qualitatively inaccurate predictions for collective pitch angle §,=0°(Figure 3a). On
the other hand, the dynamic stall lift theory with quasi-steady drag characteristics
gives fairly accurate prediction in both cases. In other words, quasi-steady stall
theory refined to include dynamic stall lift consistently improves the correlation.
Furthermore, inclusion of dynamic stall drag generally provides further quantitative
improvement, except for minor degradation in the 3° collective pitch angle case, as
seen from Figure 3b.

The preceding correlation covers a very small section of the correlation
covering the entire data base of nearly 1200 test points shown in Figure 1. The full
presentation with about 20 figures is planned to cover the following topics : dynamic
stall lift and dynamic stall drag in Floquet stability analysis, trim analysis and
perturbation about a periodic forced response, computational reliability, test
procedures, generation of data base and correlation of theory with data to isolate
dynamic stall effects. Future research areas uncovered during the correlation, such as
possible refinements in the ONERA dynamic stall lift and drag model parameters, are

identified as well.
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The detailed experimental and analytical investigations lead to the following

major findings :

1)

2)

3)

Conventional Floquet analysis with the ONERA ... .d dynamic stall lift
and drag models provides a viable approach for predicting lead-lag mode
damping in stalled forward flight conditions.

For low-advance-ratio cases (4 < 0.20), the nonlinear substall drag
characteristics of the airfoil section significantly improve the correlation due
to low-Reynolds-number effects of the model test data, as investigated
earlier on the basis of analytical and experimental results restricted to
hovering conditions.

In comparison with the linear and quasi-steady stall theories, the theory
with dynamic stall lift and quasi-steady drag consistently improves the
prediction for the entire database.

Dynamic stall drag generally provides further quantitative improvement.
Minor degradation in correlation for some isolated cases as seen in Figure 3b

merits further investigation.
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Figure 1: Conditions tested.
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MEASUREMENTS AND PREDICTIONS CONCERNING ROTOR STABILITY

I. Cafarelli and J.J. Costes

ONERA - BP 72
92322 CHATILLON Cedex
France

The necessity to better understand the principal
phenomena underlying stability problems in rotors has
recently led the ONERA (Office National d'Etudes et de
Recherches Aérospatiales) to build a test rotor specifically
designed for this purpose,

This rotor is simple enough to permit a physical
insight into stability behaviour as a function of various
fundamental parameters in both hover and forward flight. It
is also expected to yield a data base for validating
existing and future predictive codes.

The first series of tests was carried out on an

isolated rotor configuration. The blades were hinged in
flap and cantilevered in plane. The natural frequency in
torsion of each blade was varied so as to create different
coupling conditions between . the flap and torsion modes.
Moreover.; the relative importance of other parameters was
measured such as rotor speed, collective pitch., rotor tilt,
forward speed and 6= coupling.

Three different predictive codes are beign studied
and validated with respect to these results. Two of these
are restricted to hover. They differ in the modeling of the
rotor dynamics. Forward flight conditions are predicted
using a Floquet mode resolution code.

First results show the sensitivity of the modal

coupling to the accurate and detailed modeling of the rotor
dynamics.
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Experimental Investigations of Helicopter Structural Dynamics
and the Interaction with Vibration Reduction Systems

Manfred Degener

DLR - German Acrospace Rescarch Establishment
Institute for Acroclasticity
Bunscnstrasse 10, D-3400 Goettingen, Fed. Rep. Germany

Abstract:

Vibrations are one of the major problems concerning the performance and ride com-
fort of hclicopters. The vibration bechaviour depends both on the rotor induced oscil-
lating loads and on the structural dynamic characteristics of thc hclicopter itself.
Thercfore, vibration treatment must take into account both aspcects.

The design of modern helicopters is a combination of a light-weight airframe struc-
turc and large concentrated masses such as gearbox and engines. This results in
complex three-dimensional vibration behaviour with many normal modecs lying in the
same frequency range as the oscillating rotor loads, which rcquires a thorough ana-
Iytical and cxpcrimental investigation. In Germany, MBB and DLR havc a long
cooperation in the ficld of hclicopter structural dynamics. Ground vibration tests
have been performed by DLR on the completc MBB helicopter family.

This paper gives a survey of experimental investigations of helicopter structural dy-
namics. It describes the features of the DLR ground vibration test facility with special
emphasis on applications, cxpericnces, and improvements in testing helicopter struc-
tures. This relates to realistic boundary conditions during testing, scnsor instrumen-
tation, dynamic excitation, and data reduction. An important topic is the corrclation
of experimental results with the mathematical modcl. Concepts for correlation, such
as orthogonality check and modal assurance criterion, are discussed.

More stringent vibration requircments have caused rescarch organisations and the
helicopter industry to develop special vibration reduction systems. The cffectivencss
of these systems can be strongly influenced by interaction with the structural dyna-
mics of the helicopter. This requires structural tailoring of the airframe to minimize
vibration. Experimental results of a recent ground vibration test on a hclicopter with
and without a vibration reduction system arc reviewed to illustrate this cffcct.
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Aspects of Helicopter Structural Dynamics

Design Fealures:
- leight-weight airframe
- large concentrated masses (gearbox, engines)
- combination metallic/composite materials
- vibration reduction systems

- different payload configurations

Vibration Characleristics:
- complex three-dimensional vibration modes
- high modal density
- many local modes

- nonlinearities

Requirements for Vibralion Analyses:
- large finite elemente models

- sophisticated test methods
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Phase Resonance Method

Equations of Motion (physical coordinates):

m (P + d u(P,1) + k u(P.t) = f(t)

Modal Transformation:

WP = ) BiP) at) = D(P) a)
i=0

Equations of Motion (generalized coordinates):

with

M=@ ' md
K=d"kd
D=0"dd

M §() + D g(t) + K q(t) = ' 1()

: generalized mass malrix (diagonal)
: generalized stiffness matrix (diagonal)

: generalized damping matrix
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Phase Resonance Method (cont’d)

Harmonic Excitation:  f(f) = f, sin mt

Dynamic Response:  u(l) = u, sin(wt + ¢)

= U’ sin wt + u” cos wt

Phase Resonance Criterion: ¢ = +90°, u’' =0

"‘CUdU"=f0

L T i G
AR L R T N T R A T T ‘ it T
T — TR BT e e O T T

(—w'm + k)u=0

Mode Indicator Function:

MIF = 1 —
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BO 108 - Measurement Point Plan
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Measurement of Normal Modes

Identification of Normal Modes

- Measurement of MIF’s for various exciter configurations

Isolation of Normal Modes
- optimizing MIF-value ( > 0.9)
- frequency adjustment
- variation of exciter forces and locations

- on-line graphic display

Measurement of Modal Paramelers
- normal frequency
- normal mode shape
- generalized mass
- damping

- linearity check

DLR
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Helicopter Mode Shape
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BK 117 - Finite Element Model (MBB)

i( N
Vel WSEN
%SE{’:' I3 \
DA \
izﬁ;v G
Sl X 0
& RIS
TROACIER, W\ \
A\ ¢ \
\
O
v v ‘ ik
A 1 o Zoui
Do
AR
\\‘\‘ /A‘/?(:};%"qu




Orthogonality Check

Generalized Mass Matrix:

M= d)Tm 4))
Normalized to M;; = 1:
M = fﬁTm )]
with
0< My <1
Modal Assu:rance Criterion
T v 12
O, D)
MAC(i,k) = T( L
((])i (bi) (q)k(pk)
with

0 < MAC(i k) < 1
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BO 108 - Shake Test Results
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/ BO 108 - Shake Test Resulis
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Conclusions

Helicopter vibrations are influenced by aerodynamic rotor ex-
citation as well as struclural dyramic properties

Advanced analytical and experimental methods are required {o
evaluate complex helicopter dynamics

Interaction of structural dynamics with vibration reduction sy-
stems requires airframe structural tailoring to minimize vibra-
tion levels

Vibration reduction systems can reduce vibration levels signifi-
cantly as confirmed by ground and flight tests.
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EXPERIMENTAL IDENTIFICATION OF HELICOPTER ROTOR DYNAMICS
USING KINEMATIC OBSERVERS:
An Abstract

Robert McKillip, Jr.
Mechanical and Aerospace Engineering Dept.
Princeton University, Princeton, NJ 08544

Recent investigations using blade—mounted instrumentation has revealed the
potential for identification of rotor dynamics as a two step process [1). Estimation of rotor
modal state variables is performed using knowledge of the kinematics of the sensor signal
content, and then these estimated state time histories are used to identify the dynamic
equation coefficients for a particular linearized mathematical model. Such an approach has
the advantage that it decouples the assumed rotor dynamic model structure from the state
estimation phase, allowing a wide variety of assumed model forms to be identified from the
same set of state estimates. Additional uses for the separated state and parameter
estimation scheme include adaptive rotor control applications as well as on—line stability
analysis. Fundamental to the technique is the use of blade-mounted accelerometers to
provide modal acceleration information to the state observer, taking the place of an
assumed dynamic model as is normally used for more conventional instrumentation sets.

A series of hover and forward—flight model rotor experiments will be described that
used blade accelerometer data to reconstruct both rotor modal state variables and linear
equation parameters. The model tests were conducted at Princeton’s Rotorcraft Dynamics
Laboratory using a four—foot diameter rotor having the capability for both Individual
Blade Control and Higher Harmonic Control [2]. The data processing technique will be
detailed, and results of the parameter identification analysis will be compared to linearized
theory (see Fig. 1). Examination will be made of the identified model’s ability to predict
closed—loop blade response experimental data for both hover and forward—flight regimes.

References
1. McKillip, R. M., Jr., "Kinematic Observers for Active Control of Helicopter Rotor
Vibration", Vertica V.12, n.1/2, pp.1-11, 1988. '

2. McKillip, R. M., Jr., "Experimental Studies in System Identification of Helicopter
Rotor Dynamics", Proc. Fourteenth European Rotorcraft Forum, Milano, Italy, September
1988. To appear in Vertica V.12, n.4, January 1989.
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ABSTRACT

VALIDATION OF ROTOR VIBRATORY AIRLOADS AND
APPLICATIONS TO HELICOPTER RESPONSE

Jing G. Yen
Bell Helicopter Textron, Inc.

The prediction of rotor vibratory airloads and structural loads has
been a challenge to rotorcraft engineers. The development of advanced
theories and computer codes requires extensive correlations with
experimental data. The validation is to demonstrate that the theories do
in fact correctly represent the physics of the problem and that the
computer code is adequate to be used as a design tool.

Bell Helicopter Textron, Inc., has recently completed, as part of a
program to improve rotor wake representations, a major cooperative program
with the Army/NASA researchers at Langley Research Center. The program
consisted of the testing of a scaled model with pressure instrumented
blades. The model was a 0.2 Mach scale of Bell Advanced Light Rotor (ALR).
The ALR was a four-bladed bearingless rotor with advanced airfoils.
Pressure transducers were installed at five blade spanwise locations. The
testing was conducted at the Langley VSTOL wind tunnel in June-July, 1989.

The experimental vibratory airloads (the normal force) are obtained by
integrating the individual pressures. The airloads data are presented in
time histories as well as harmonic amplitude and phase angles. The data
are depicted as functions of the advance ratio and the rotor thrust
coefficient. Comparisons of airloads are made between the experimental
data and theoretical values. The theoretical values are calculated using
three rotor wake models: Drees wake, CAMRAD/Scully free wake, and
CAMRAD/Johnson free wake. Computed blade and hub loads for the ALR using
the free wake models are correlated with those measured in flight.

Effects of the advance ratio and the rotor thrust coefficient on the
vibratory airloads will be discussed. Similarities of the ALR with those
reported in the literature will also be addressed. Validation of various
rotor wake models in calculating the vibratory airlcads and the rotor
structural response will be assessed based on the ALR experimental data.
Finally, conclusions from this study and recommendations for future work
will be made.




